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THESIS ABSTRACT 
This research project focussed on using the molecular imprinting approach for the synthesis 
of nanogels capable of catalysing the cross-aldol reaction between 4-nitrobenzaldehyde and 
acetone. A polymerisable proline derivative was used as the functional monomer to mimic the 
enamine-based mechanism of aldolase type I enzymes. A 1,3-diketone template, used to create 
the cavity, was designed to imitate the intermediate of the aldol reaction and was bound to the 
functional monomer using a reversible covalent interaction prior to polymerisation. Soluble 
imprinted nanogels were prepared by using a high-dilution radical polymerisation, which was 
followed by template removal and estimation of active site concentrations by monitoring the 
release of 4-nitrophenolate due to the acetylation of proline units with 4-nitrophenyl acetate. 
Analysis by DLS and TEM confirmed an average particle size of 20 nm for the nanogel 
preparations, comparable to the size of natural enzymes, and an average molecular mass ranging 
from 258 to 288 kDa, as determined by GPLC using polymethylmethacrylate standards. The 
polymers were found to be soluble in DMF, DMSO and mixtures thereof, giving rise to 
homogeneous solutions. The kinetic characterisation of both imprinted and non-imprinted 
nanogels was carried out with catalyst concentrations between 0.7 and 3.5% mol. Imprinted 
nanogel MIP-AS147 was found to have a kcat value of 0.26 × 10-2 min-1, the highest value ever 
achieved with imprinted nanogels catalysing C-C bond formation. Comparison of the catalytic 
constants for both imprinted nanogel MIP-AS147 and non-imprinted nanogel NIP-AS133 gave 
a ratio of kcatMIP /kcatNIP = 20, which is indicative of good imprinting efficiency and highlights the 
significance of the template during the imprinting process. Analysis of the stereoselectivity of 
the reaction catalysed by nanogels gave 62% ee, which is comparable with the one of the “free” 
catalyst. This work is the first and so far only example of imprinted polymer capable of 
catalysing the cross-aldol addition. The kinetic data obtained provide additional evidence to the 
hypothesis that the nanogel format is superior to ‘bulk’ polymers for the generation of enzyme-
like catalysts. 
NOTE: Part of the work presented in this PhD Thesis has been published as a full paper. 
Reference: D. Carboni, K. Flavin, A. Servant, V. Gouverneur and M. Resmini, Chemistry: A 
European Journal, 2008, 14, 7059-7065. 
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1 CHAPTER I: INTRODUCTION 
 
1.1  ENZYMES FUNCTIONAL MIMICRY 
 
1.1.0 GENERAL OBJECTIVES 
The natural evolution of the complex machinery of biological systems made one of 
its best performances in enzymes, protein-based structures capable of catalysing a 
number of chemical reactions with incomparable efficiency. The high level of 
specialisation attained by these biological macromolecules remains, so far, a paradigm 
of efficiency for all catalysts, whatever their origin. However, despite this degree of 
excellence, the use of enzymes outside the natural context presents some limitations, 
due to their protein nature, such as a limited range of pH and temperature, the use of 
organic solvents and, more generally, any experimental harsh conditions that 
significantly deviate from the standard biological ones. 
In view of this, many scientists have been attracted by the idea of designing 
synthetic catalysts able to complement, where possible, the activity of enzymes and 
substitute them whenever they are not available. These synthetic macromolecules are 
often defined as enzyme mimics or enzyme functional mimicries, and among the best 
examples are catalytic antibodies and molecularly imprinted polymers, which have 
shown some very good results and great potential.[1-10] 
The group where this project was carried out has been working in the field of 
enzyme mimic for a number of years now, developing a considerable experience of 
biological systems, such as enzymes and catalytic antibodies.[11-25] Based on that 
experience, the group hypothesised the idea of creating a library of polymerisable amino 
acids that could be used, in combination with the appropriate template, for the 
generation of a family of polymers able to catalyse a variety of reactions. The first two 
papers highlighted the potential advantages of the microgels as material for molecular 
imprinting approach toward the functional mimicry of enzyme-like activity.[26, 27] 
Having acquired the experience in imprinting microgel for hydrolytic reactions, it 
was decided to take a step forward in a more challenging project, involving the 
development of a new molecularly imprinted bio-inspired system with C-C bond 
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formation capability, a more energy-demanding reaction compared with the hydrolysis. 
Given that, during a collaborative project with Prof. Gouverneur’s group (Oxford 
University), the group worked on the characterisation of the catalytic activity of 
antibodies in the cross-aldol reaction,[23, 24]  acquiring therefore some experience on that 
system, it was decided to develop a new molecularly imprinted polymer able to catalyse 
a cross-aldol addition, a reaction where a new C-C bond is formed together with, at 
least, a new chiral centre. 
Literature reported examples regarding C-C bond formation catalysed by 
molecularly imprinted polymers: a Diels-Alder condensation,[28] a Pd-catalysed cross-
coupling reaction,[29] a cross-aldol condensation mediated by an aldolase class II 
mimic,[30, 31] and a dimerisation of homovanillic acid (HVA).[32] Almost all the 
examples make use of metal complexes as catalytic centres and only the last one has 
been synthesised in both bulk and microgels formats. In particular, the aldolase class II 
mimic, which makes use of a cobalt complex as a catalytic centre, did not show 
significant rate enhancement. 
 
1.1.1 AIM OF THE PROJECT 
The aim of this project was to apply the molecularly imprinted strategy to nanogels 
for the development of a novel enzyme mimic able to catalyse the cross-aldol reaction 
and to characterise the physico-chemical properties and kinetic behaviour of the new 
materials. The development of the project can be identified by three key stages: 
1. Design and synthesis of the functional monomer (proline derivative); synthesis 
of the template; study and characterisation of the template-monomer complex. 
2. Synthesis and characterisation of the imprinted nanogels and study of the 
solubility properties and active sites content. 
3. Kinetic characterisation of the catalytic activity and evaluation of the imprinting 
efficiency. 
In addition, some comparative studies on the same reaction were carried out using 
free organocatalysts in solution (proline and proline-benzenesulfonamide) by using a 
variety of solvent systems and catalyst loading. 
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1.1.2 ENZYMES 
In view of the fact that this project is based on the design and synthesis of a catalyst 
inspired by enzymes, it is opportune to recall here few concepts inherent to enzymes 
and enzyme catalysis. 
The term enzyme, derived from the greek “εν ” + “ζυµω”, “en” + “zymo”, which 
means “into leaven”, made its first appearance in the literature in 1878, when the 
German physiologist Wilhelm Kühne used this word to identify substances present only 
in living organisms and accountable for the fermentation processes. This definition was 
used till 1897 when Eduard Buchner demonstrated that it was possible to carry out the 
fermentation of sugars without using living cells but only certain substances extracted 
from living cells, the enzymes, and for that finding he was awarded the Nobel Prize in 
1907. This led to the conclusion that enzymes were essential to catalyse some 
biochemical processes. 
After this discovery, the attention of the researchers moved to the investigation of 
the chemical nature of enzymes, giving rise to various hypotheses. However, in 1926, 
James Samner was able to crystallise one of these substances, the urease, demonstrating 
its protein nature. This nature was further verified in 1930 on the digestive enzymes 
pepsin, trypsin and chymotrypsin, by the studies of Northrop and Stanley, who received 
the Nobel Prize in 1946. The studies of the enzymes made possible their classification 
in 6 major groups, on the base of the type of reaction they catalyse: 1) oxidoreductases; 
2) transferases; 3) hydrolases; 4) lyases; 5) isomerases and 6) ligases.[33] 
It is now universally accepted that enzymes are bio-macromolecules, mostly protein-
based, that are able to catalyse a number of biochemical transformation with exemplary 
efficiency and specificity. Enzymes are generated as a long linear polymer chain of 
amino acids that in solution is forced to reorganise itself in a three-dimensional fashion. 
This is done in order to minimise, essentially, the hydrophobic interactions between the 
amino acids containing hydrophobic side-chains and the aqueous medium, as 
discovered by Frank and Evans.[34, 35] 
This spatial reorganisation forces the linear protein to fold, producing a three-
dimensional compact structure with the hydrophobic units away from the water and the 
other hydrophilic side-chains. The latter interact with the water molecules generating a 
network of hydrogen bonds (“iceberg’ model) capable of solvating the enzyme and 
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allowing them to operate as homogeneous catalysts. The so-called “hydrophobic 
effect”[36] is then mostly accountable for the three-dimensional conformation of the 
proteins, leading to structures, which are not rigid but instead very flexible and 
adaptable.  
The last two features are particularly important in explaining the catalytic activity of 
enzymes, which attracted the interest of researchers since 1890, when E. Fischer firstly 
proposed its model of “lock-and-key” to rationalise their activity (Figure 1).[37]  
 
Figure 1: Schematic representation of the “Lock and Key” model. The enzyme cavity (E) and the 
substrate (S) are complementary for each other and they interact without any structural modifications 
to generate the Enzyme-Substrate complex (ES).[37] 
At that time the protein nature of enzymes and their three-dimensional structure was 
still unknown, but Fischer recognised the specificity of the substrate for an enzyme. 
Based on that, he rationalised this behaviour by hypothesising that each enzyme could 
have a catalytic pocket with at least three amino acid residues able to interact in a 
complementary way with three functional groups of the substrate to ensure a specific 
recognition, just like a lock inserted in a keyhole. The model though did not imply any 
structural modification of the enzyme and so any flexibility or adaptability to the 
substrate. 
The “lock-and-key” model was considered an accurate description of the molecular 
recognition operated by the enzyme catalytic pocket until Koshland, in 1958, made 
some observations that highlighted a few discrepancies between this model and the 
experimental data.[38] One in particular, the consideration that a “substrate analogue”, 
that is a molecule with structural similarity to the substrate, was able to bind tightly the 
active site of the enzyme without showing any signs of reactivity, convinced him of the 
necessity of a new model to explain the enzyme mechanism.[39] Koshland verified this 
behaviour with different enzymes using always substrate analogues and having always 
Chapter I: Introduction: Enzymes functional mimicry 
 
 
6
the same negative outcome. The existence of this type of competitive inhibitors, in fact, 
was in contrast with the lock and key model, because, although undergoing a molecular 
recognition from the enzyme active site, they did not trigger the enzyme catalysis. 
On the basis of these findings Koshland proposed a model, called “induced fit”, as 
an evolution of the lock-and-key, but capable of explaining the discrepancies. The 
model is based on three assumptions: i) the enzyme active sites has to have precisely 
oriented functional groups in order to catalyse a reaction; ii) the molecular recognition 
of the substrate has to generate an appreciable change in the spatial three-dimensional 
positions of the functional groups in the active site; iii) the conformational changes in 
the protein structure due to the substrate binding have to result in a proper alignment of 
the catalytic groups, which does not happen with a substrate analogue.[38] The main 
difference between the two models resides essentially in the introduction of the 
flexibility concept into the rigidity of the lock-and-key, so that the induced fit model 
appears more like a “hand-in-glove” model (Figure 2).[39] 
 
Figure 2: Schematic representation of the induced-fit model. The enzyme cavity (E) is not directly 
complementary to the substrate (S) but it can undergo conformational modifications that induce 
substrate structural modifications (ES) as well.[39] 
 
1.1.2.1 ENZYMES CATALYSIS 
The previous two models can explain the specificity of the enzymes active site, 
because they elucidate how the enzyme binds selectively the substrate, but they do not 
clarify why the enzymes are able to accelerate reactions up to 1017 over the 
background.[40] This question challenged scientists until 1948, when Linus Pauling 
suggested that the enzymes were able to enhance the rate of a reaction by stabilizing the 
transition state of the chemical reaction, through conformational changes in the spatial 
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geometry of the functional groups, in order to bind the transition state tighter than the 
substrate.[41] 
As proved by Koshland and verified by Gerstein,[42] in fact, enzymes exist in an 
open-unbound form and a closed-bound, which is energetically less favoured. These 
two states are in dynamic equilibrium and separated by a little energetic barrier that can 
be overtaken exploiting the energy gained from the substrate binding. This energetic 
gain allows substrate distortion to optimise the alignment of the binding and catalytic 
groups and thereby convert the enzyme-substrate complex into the transition state. The 
closed state can be achieved only if the energy derived from the substrate binding is 
enough to allow the conformational change. Moreover, once the reaction takes place, 
the product will be released from the active site because of the gain in stability achieved 
by the more energetically favoured open state. 
Jencks in 1969 reported that the highest acceleration of a reaction rate of an 
enzyme–substrate complex could be achieved when the active site is shaped to provide 
the maximum affinity for the transition state. In reality, the enzymatic reactions are 
accelerated by lowering the activation energy of the transition state, as a result of the 
distortion of the substrate-enzyme complex operated by the enzyme during the 
conformational change of the active pocket from open to close. On this base he 
ventilated the hypothesis that generation of artificial enzymes could be possible by 
constructing an active site based on a transition state.[43]  
Figure 3 shows a general energy diagram for an enzyme catalysed and uncatalysed 
reactions. It is possible to notice that the enzyme enables the activation of the substrate 
by formation of an enzyme-substrate complex (ES), which is able to stabilise the 
transition state of the reaction reducing the activation energy required to carry out the 
chemical transformation.[44] 
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Figure 3: The Figure shows  a typical energy diagram of a catalysed and uncatalysed reaction. The 
ordinate represents (qualitatively) the Gibbs free Energy and the abscissa the reaction progress along a 
theoretical reaction coordinate. Figure adapted from reference[44] 
The complementarity between the enzyme active pocket and the substrate, and its 
ability in stabilising the transition state of the reaction, are results of several interactions 
between the functional groups contained in both molecules. These are fundamental for a 
successful molecular recognition, which is accountable for the extraordinary specificity 
shown by the enzymes in selecting a substrate from the large pool contained in a living 
cell. 
 
1.1.2.2 MOLECULAR RECOGNITION 
The Nature promoted the enzyme evolution with the aim of optimising the binding 
ability of the active site toward the transition state of a reaction, and so its 
stabilisation.[44] For this reason the enzyme catalytic pockets evolved in order to 
perform this task with a range of functional groups capable of interacting selectively 
with the substrate. These interactions are responsible for the molecular recognition of 
the substrate and their nature is strictly dependent upon the nature of the substrate. The 
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type of interactions usually found in the active sites can be grouped in three main 
classes of association in decreasing order of strength: i) covalent binding, ii) hydrogen 
bonding and iii) non covalent interactions including electrostatic and hydrophobic 
interactions.  
The first is based on formation of a covalent bond between enzyme and substrate, 
with the advantage of a strong interaction that can be used for catalysis only if can be 
reversed, leaving free the functional groups after the reaction. This kind of linkage 
allows often a close control of the molecular geometry of the complex that can bring 
about other functional groups involved in the reaction. The second type of interactions 
involves hydrogen bonds that are weaker if compared with covalent but which have the 
advantage of inducing a defined directionality in the new bond between the donor and 
the acceptor. Although a single hydrogen bond is not intrinsically strong, however 
multiple H-bonds or a molecular network built on it can change the physical properties 
of compounds, affecting parameters such as solubility or phase behaviour. This 
interaction is very important for the enzymes since the medium in which the enzymes 
operate is mostly water that affects, inter alia, the stability of the tertiary structure of the 
enzyme, its solubility and the pH response. The final class of association is based on 
non covalent interactions, which in the form of electrostatic and hydrophobic 
interactions have, for instance, a fundamental role in defining the proteins folding and 
therefore the three-dimensional structure of the catalytic site of the enzymes. 
The success of the molecular recognition performed by an enzyme active pocket is 
related not only to the type of interactions that occur between the functional groups of 
the enzyme and the substrate but also by the number. Ogston et al. in 1948[45, 46] 
determined that, in order for an enzyme to achieve substrate specificity, it needs at least 
three point of interaction, either of binding or catalytic. Most likely this is due to the 
three-dimensional nature of both the active site and the substrate, and since three points 
define a plane, three is the lowest number of functional groups needed to identify a 
three-dimensional structure in the space (Figure 4). 
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Figure 4: Schematic representation of a molecular recognition process based on three point 
interaction.[45, 46] 
An additional way used by the enzymes to control molecular recognition makes use 
of the steric hindrance given by functional groups, or simple alkyl chains, which do not 
take an active part in the recognition process. In fact, the active sites of the enzymes 
have achieved such a degree of structural specialisation that substrate analogues 
possessing the same functional groups, as the true substrate, cannot undergo reaction. 
This can be due to the steric hindrance of functional groups, not directly involved in the 
molecular recognition, which prevent the right fitting into the enzyme catalytic pocket. 
It appears clear that molecular recognition in enzymes is a complex process 
involving different interactions. It has reached an incredible level of specialisation as a 
result of the natural evolution and the understanding of each step of the process is quite 
important for the development of enzyme mimics. However it is important to notice 
that, in order to reach a degree of molecular recognition good enough to perform 
catalysis in artificial macromolecular system, replication of key enzymatic features has 
to be reproduced. 
Two different approaches, catalytic antibodies (Ab) and molecularly imprinted 
polymers (MIP), have attempted to obtain this target and the next section will provide 
some general outlines. 
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1.1.3 CATALYTIC ANTIBODIES 
Antibodies are Y-shaped proteins, belonging to the class of the immunoglobulins 
that are produced by the immune system in response to the presence of an antigen, a 
substance that is not recognised as part of the body. When the body comes across one of 
these substances, the immune system synthesises initially something around 108 
germline antibodies, which are screened for the affinity to the antigen. Following this 
process, the germline antibody with the best affinity for the antigen is selected from the 
original “pool” and it undergoes an additional iterative structural diversity modification, 
a process called “somatic mutation” that leads to a high-affinity antibody.[7-9] 
This characteristic was exploited to develop antibodies with catalytic properties by 
immunising animals with haptens, the foreign substance, mimicking an intermediate or 
a TS (Transition State) of a reaction. In this case, the resulting antibody will be able to 
catalyse the corresponding reaction by inducing a conformational change in the reaction 
substrate thus allowing it to fit its catalytic pocket. This process is similar to the one 
occurring in an enzyme active site, where the ES complex is formed. As a consequence 
of this conformational change, an antibody-substrate complex is generated that lowers 
down the activation energy, required to form the transition state, facilitating therefore 
the evolution of the TS into product. 
The model of somatic mutation for the generation of antibodies, now widely 
accepted, has been challenged for many years by the model named “chemical-
instruction theory” proposed by Haurowitz, Breinl and Pauling.[41, 47] They argued that 
the conformational diversity showed by the antibodies could be explained by 
considering an active site able to adapt its shape to be complementary to a nearly 
infinite number of ligands. The following Figure 5, illustrating the “chemical 
instruction theory”, is the original figure appeared in the 1940 seminal paper by Linus 
Pauling.[41] 
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Figure 5 illustrates the Figure 1 appeared on the seminal work regarding the ‘chemical-instruction 
theory” published by Pauling in 1940.[41] 
 Pauling assumed that the antibodies were originated from globular proteins as a 
result of interactions between the proteins and the functional groups on the antigen, 
which forces the protein to fold around it in a casting-like procedure. As a result of this 
process, the antibodies will be able to recognise similar structures and interact 
selectively with them. Although this hypothesis was proved wrong for the antibodies 
generation, nonetheless it inspired the use of the “imprinting” to generate artificial 
recognition sites. 
In particular Schultz and Lerner in 1995 [48] used this approach to develop a 
technique called “reactive immunisation”, where a template molecule, conjugated with 
a protein, can be used as immunogen to elicit antibodies, which will be selected on the 
base of their ability in reacting with the template.[9] This technique was successfully 
applied, for instance, in the preparation of aldolase[8] and diels-alderase antibodies.[49] 
Although very successful in term of catalytic activity and selectivity, the use of 
catalytic antibodies raises some issues with the long and complex methodology needed 
to prepare them. Most importantly, they present the same limitations of narrow working 
range of pH and temperature and impossibility of their use in organic solvents showed 
by the enzymes due to their protein nature. This prompted the necessity of developing a 
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complementary range of polymeric enzyme mimics able to address these issues, which 
was envisaged in the molecularly imprinted materials. 
 
1.1.4 MOLECULAR IMPRINTING 
Although Pauling’s model of “chemical-instruction theory” was abandoned in 
favour of the “somatic mutation”, nonetheless the idea of generating recognition sites in 
polymeric materials, as a result of a molecular memory obtained by imprinting highly 
organised structure with a template molecule, remained very appealing. 
Already in 1931, Polyakov, from Kiev, while preparing silica particles, using 
ammonium carbonate in water as gelating agent, observed some unusual properties in 
the material obtained. He added some solvent additives to the dry silica and let them dry 
again for about a month, after which the silica was thoroughly washed with hot water.  
By studying the adsorption properties of the new material, he discovered that this 
presented a higher absorption properties towards those additives previously used, as if 
the material had a “memory” of the structures “imprinted” in their three-dimensional 
polymeric network.[50] 
In any case, the first experimental application of this concept was presented in the 
seminal work of Dickey, who, in 1949, reported that silica, adsorbed with methyl 
orange, showed preferential absorption properties towards the same structure. Dickey, 
hypothesising the mechanism with which the specific adsorption was generated, 
invocated Pauling’s theory for the formation of antibodies: “This mechanism is the same 
as that proposed by Pauling for the formation of antibodies with use of antigen 
molecules as a template”.[51] 
The idea behind this experiment has not been fully investigated until two milestones 
papers, from Gunter Wulff, describing imprinted polymers used to resolve racemates,[52] 
and Klaus Mosbach, describing polymer selective for the recognition of phenyl-alanine 
ethyl ester, appeared in the literature, giving a clear boost to the field.[53] The authors 
showed that, in analogy with Pauling’s model for the antibodies generation, chemical 
structures, the templates, could be used to generate specific recognition sites by 
“imprinting” a molecular memory in polymer matrices. 
Chapter I: Introduction: Enzymes functional mimicry 
 
 
14
Molecular imprinting allows the generation of specific three-dimensional cavities in 
polymer matrices by using a template molecule around which functional monomers and 
cross-linker are self-assembled in a pre-polymerisation state. Following polymerisation 
and template removal, the polymer matrix is left with the free three-dimensional cavities 
capable of rebinding the molecule, or others structurally very similar, used for the 
imprinting. 
 
Figure 6: Schematic representation of molecular imprinting procedure. (This picture is used with 
permission of the authors) [6] 
Figure 6 illustrates schematically the molecular imprinting process. The imprinting 
is performed using a template molecule (A), around which the functional monomers and 
cross-linker self-assemble to generate the pre-polymerisation complex (B). The 
polymerisation leads to an imprinted polymer still containing the template inside the 
cavities (C). The removal of the template makes available an imprinted polymer with 
active cavities (D).  
The choice of the co-monomers and cross-linker used during the polymerisation 
process is very important because the physical properties of the final materials and, 
ultimately, the rebinding or catalytic properties of the polymer are greatly affected by 
A 
B 
C 
D 
MIP 
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this choice. In particular, the type of polymerisation chosen can divide the imprinted 
polymers in two groups, which show substantial differences in their physical properties.  
The first, including polymers with a monolithic structure, for that named “bulk”, is 
characterised by a very low solubility, whilst the second group, including a variety of 
polymeric formats and sizes, is generally characterised by higher solubility. The 
following section will discuss about the preparation and application of imprinted “bulk” 
polymers. 
 
1.1.4.1 MOLECULARLY IMPRINTED POLYMERS AS “BULK” 
The use of the “bulk’ polymerisation was the first, and probably is still the most, 
widely used, in the molecular imprinting technology, because of its relatively simple 
approach. As a general approach, a template molecule is allowed to react with 
functional monomers and cross-linker in a porogen solvent, after which the 
polymerisation is carried out for a variable amount of time until the desired polymer is 
formed as a big monolith. This has to be mechanically grinded and sieved in order to 
reach a reasonably homogeneous particle size distribution. However, the need of 
mechanical fragmentation of the monolith is one of the main drawbacks of this type of 
polymer format, since it compromises the homogeneity of the particles, irregularly 
shaped because of the grinding. Despite this issues the “bulk” polymer format has been 
widely used in analytical application such as stationary phase for chromatographic 
separations and affinity solid phase extractions (SPE), sensing, synthesis and catalysis 
(see also section 1.2 for the last two type of applications). 
With regard to the last two applications, the use of the “bulk” format raised also an 
issue regarding the flexibility of the polymer matrix, which, as it has previously seen in 
section 1.1.2.1, is a fundamental aspect of the enzyme catalysis. In fact, a catalytic 
active site needs to be flexible to operate the molecular recognition of the substrate 
keeping at the same time the rigidity necessary to maintain memory of the imprinting. 
The catalytic activity of “bulk” polymers has been often hampered by this issue together 
with the relatively poor solubility. For this reason, in recent years, several research 
groups successfully adapted imprinting systems, previously developed in “bulk” format 
to new type of imprinted materials, often achieving a significant improvement of the 
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catalytic properties only as a result of the new increased solubility and flexibility of the 
polymer matrix (see section 1.2). 
Having briefly discussed some application and issues of the bulk materials, the 
attention will now move to the next section, where the imprinted nanomaterials will be 
introduced. 
 
1.1.4.2 MOLECULARLY IMPRINTED BINDING NANOMATERIALS 
The molecular imprinting on nanomaterials is a field in continuous evolution due to 
the new discoveries in the nanotechnology associated with them. The reduction of the 
imprinted polymers size from “bulk” to microscale before and nanoscale nowadays has 
brought substantial advantages such as an improved surface-to-volume ratio and 
therefore the possibility of increasing dramatically the number of recognition sites in 
contact with the substrate. These improvements aimed to increase the MIPs capabilities 
towards a more efficient mimicry of the natural enzymes behaviour. These new formats 
comprehend, inter alia, nanoparticles, micro- and nano-gels, nanowires, nanotube and 
nanofilaments.[6] Each of these polymeric formats offer specific advantages compared to 
others, which allow researchers to choose the more appropriate depending on the final 
target of their research. 
An example worth mentioning is a very recent report from Linares et al.[54] that 
describes the synthesis of hierarchically nanostructured materials using a combination 
of nanomolding and molecular imprinting in order to obtain polymeric films with 
specific binding properties towards small molecules and proteins. The main advantage 
of this technique resides in “turning the system inside-out”, as stated by the authors, 
since the binding sites were moved from inside the polymer to the surface of the 
material, which is greatly enhanced by using the nano-filament format. 
Unfortunately, since the plethora of application of the new imprinted nanomaterials 
is vast and beyond the scope of this thesis, which is focussed instead on the catalytic 
imprinting, and given the limited space that is possible to dedicate illustrating this 
argument, it is unlikely to cover extensively the argument in this introductive chapter. 
More details regarding the topic can be found in recent literature reviews regarding the 
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imprinted nanomaterials, such as the ones from Davis et al.,[55] Mosbach et al,.[5] Ye et 
al,.[56] Haupt et al.,[2]  and Flavin and Resmini.[6] 
 
1.1.4.3 CATALYTIC MOLECULAR IMPRINTING 
The molecular imprinting approach, chosen to generate enzyme mimics, has a lot in 
common with the generation of the catalytic antibodies. The immunisation, in fact, 
allows generation of binding pocket in the catalytic antibodies as an immune response 
elicited from a hapten.[9] By following the same theoretical approach, if a synthetic 
polymer is casted around a template molecule, either a TSA or an intermediate analogue 
of a chemical reaction, then the “imprinted” cavities should be able to catalyse the 
corresponding reaction.  
An example of this imprinting approach is illustrated in Scheme 1, where a polymer 
with hydrolytic properties towards the diphenyl-carbonate (1) was imprinted with the 
corresponding phosphate template (5), which represents a TSA for the hydrolytic 
reaction. This structure, in fact, mimics the tetrahedral intermediate (4) formed during 
the hydrolysis of the carbonate, and therefore it allows imprinting a cavity with 
functional groups placed in the right spatial position. 
 
Scheme 1: Hydrolysis of 4-acetamidophenyl 4-nitrophenyl carbonate (1) to give 4-nitrophenol (2), 4-
acetamidophenol and carbon dioxide. The 4-acetamidophenyl 4-nitrophenyl hydrogen phosphate (5) 
was used as TSA to mimic the tetrahedral transition state (4) formed during the hydrolysis. 
Having so far illustrated the general concepts related to enzyme mimic and 
molecular imprinting, the following sections will now entirely focus on describing the 
use of the this technique in the preparation of catalytic polymers, with the aim of 
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providing the reader with a background context in which to inscribe the work carried 
out in the present thesis. 
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1.2  CATALYTIC IMPRINTED MATERIALS 
 
1.2.0 INTRODUCTION 
This section will try to provide the reader with a brief introduction to the more 
significant milestones of catalytic imprinted polymers, with particular focus on the more 
recent development in the field of the catalytic imprinted nanomaterials. The overview 
will consider not only catalytic polymers imprinted with a TSA, but also polymers able 
to aid chemical transformations, that are often imprinted with the substrate or the 
product as template in order to control the regio- or stereo-chemistry of the reaction, in 
particular before the advent of the TSA approach. 
 
1.2.1 EARLY ATTEMPTS OF SYNTHESIS AND CATALYSIS WITH MIPS 
The first reported attempt of using molecularly imprinted polymers to control the 
stereochemical course of a reaction dates back to 1980, when the two research groups of 
Neckers and Shea, published, simultaneously, examples of bulk polymers able to 
control the formation of the product by using a chiral template. Shea et al.,[57] reported 
that bulk polymers imprinted with stereochemically pure (-)-trans-1,2,cyclobutane-
dicarboxylic acid (6), were able to keep a molecular memory of the asymmetry of the 
template. In fact, this was transferred to an achiral substrate, such as fumaric acid (7), 
inducing a diastereoselective methylation, which led to trans-1,2,cyclopropane-
dicarboxylic acid (8) only as a result of the shape of the cavity where the insertion of the 
methylenic group took place. 
 
Scheme 2: Polymers imprinted with the structure (6) were able to convert the achiral substrate (7) in 
the chiral substrate (8). 
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Neckers et al,[58] reported the synthesis of bulk polymers imprinted with one of the 
three possible isomeric products of the photodimerisation of trans-cinnamic acid (9). 
This polymer was able to convert more than 50% of the trans-cinnamic acid in δ-
truxinic acid (12), an isomer that is never formed with the catalyst in solution. This 
demonstrated how the cavity of the imprinted polymer could control the stereochemistry 
of the reaction in a direction, which did not occur at all using the free catalyst in 
solution (Scheme 3). 
 
Scheme 3: Photodimerisation of trans-cinnamic acid (9) and three of the possible diastereomers, the α-
truxillic acid (10), the β-truxinic acid (11) and the δ-truxinic acid (12).[58] 
Leonhardt and Mosbach,[59] in 1987, described the first attempt to synthesise a 
polymer by combining the molecular imprinting approach with the insertion, in the 
imprinted cavity, of polymerisable imidazole units (13), already proved to be 
responsible for the esterolytic activity of some enzymes, with the aim of generating a 
polymer with an enzyme functional mimicry. The pyridine-derivative (14) was utilised, 
as a substrate analogue template, instead of the true substrate (15), a p-nitro-phenol-
ester of a Boc-aminoacid, to avoid hydrolysis in the pre-polymerisation stage. The 
imprinting complex was generated by formation of a Co2+ complex involving 
complexation of two polymerisable imidazole units and the substrate analogue (Figure 
7). After removal of both the template and the metal, the polymers were incubated with 
a solution of the p-nitro-phenol ester and the rate of hydrolysis were recorded, showing 
activity 2-3 times higher than the corresponding non imprinted polymers. Further 
experiments demonstrated also presence of substrate selectivity and catalytic turnover. 
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Figure 7: Use of imidazole units (13) binding the pyridine derivative (14) to generate imprinted 
polymers with esterolytic activity towards 4-nitrophenylesters (15). 
Wulff and his collaborators reported, in 1989, the preparation of imprinted polymers 
able to perform enantioselective synthesis.[60, 61] The imprinting complex was prepared 
by allowing reacting the 3,4-di-hydroxy-phenyl-alanine methyl-ester (L-DOPA methyl 
ester) (16) with the 4-vinylsalicylaldehyde (17) to form the corresponding Schiff’s base 
(18), which was further reacted with the 4-vinylphenylboronic acid (19) to afford to the 
corresponding ester (20) (Scheme 4). The obtained imprinting complex was then 
polymerised and the template removed. The resulting polymers were incubated with 
sodium glycinate to allow formation of the corresponding imine, which was further 
reacted with a solution of Ni acetate to form the catalytic metal complex. 
This complex was allows to react with acetaldehyde giving a product with 36% ee as 
a unique result of the asymmetric arrangement of the functional groups in the imprinted 
cavity. Although in this case the imprinting complex was not designed to mimic a 
transition state analogue, nevertheless the authors suggested that this result showed how 
important was to design a template capable of mimicking the TS instead of the final 
product. 
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Scheme 4: Imprinting approach used by Wulff et al. for the preparation of a polymer capable of 
performing enantioselctive synthesis. The L-DOPA (16) is reacted with salicylaldehyde (17) to give the 
corresponding Schiff’s base (18) that reacts wit borane (19) to generate the imprinting complex (20). 
A few years later, in 1993, Akermark et al. reported the preparation of imprinted 
polymers capable of reducing selectively a 3-17-steroidal diketone (21) to the 
corresponding alcohol with high control of the stereochemistry.[62] The polymers were 
prepared attaching a polymerisable unit via ester linkage to the desired steroidal product 
in position17 (Figure 8). The resulting compound was then used as a templating agent 
during the polymer synthesis, after which it was removed using LiAlH4 to leave the free 
imprinted cavities. The polymers, after a second treatment with LiAlH4, to generate the 
active hydride species inside the cavities, were suspended in THF at room temperature 
and let to react with an excess of substrate, the 3-17-steroidal diketone. The analysis of 
the product of the reaction showed a complete preference for the reduction at position 
17 whereas in solution, or using a non imprinted polymer, the completely opposite 
outcome was preferred, with a 99% reduction of the ketone in position 3. 
Further experiments, made using a template selective for the position 3, allowed 
achieving a high stereocontrol of the reaction involving the natural substrate cholestan-
3-one (22). This was reduced to the corresponding, less readily available, cholestanol 
3α-OH, with a ratio 3α-OH/3β-OH =72/28. The corresponding result for a hydride 
reduction in solution usually gave 3α-OH/3β-OH =10/90. 
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Figure 8: Structures of the templates, the 3-17-steroidal diketones (21) and the natural cholestan-3-
one (22).[62] 
 
1.2.2  MIPS BASED ON TSA 
Early in this chapter the importance of the affinity of an enzyme active site for the 
transition state of the reaction was discussed (see section 1.1.2.1). This feature is 
essential in order to lower down the energetic barrier, needed to transform the enzyme-
substrate in enzyme-product complex. This characteristic has been exploited for the 
generation of catalytic antibodies, able to catalyse selectively the reaction corresponding 
to the transition state analogue (TSA) used to generate them.[7] The same approach, that 
is the template-induced design of artificial receptors, has been also used to generate 
synthetic receptors in polymer matrices using the casting procedure of the molecular 
imprinting. 
 The first example of a polymer imprinted using a TSA has to be ascribed to 
Mosbach and collaborators in 1989.[63] Since the esterolytic activity toward p-
nitrophenyl acetate (23) was sought, the imprinting complex was designed by taking 
into account that the transition state of the esterolytic reaction had to be tetrahedral 
instead of planar (24), as for the acetate substrate (Scheme 5). For this purpose the p-
nitrophenyl-methyl-phosphonate (25) was chosen as transition state analogue (TSA). 
This was held in place during the polymerisation stage using a Co2+ complex made 
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using two imidazole units, with a technique previously introduced by the same group 
(see also Figure 7).[59] After removal of the template, the imprinted polymer (MIP) 
demonstrated to be 60% catalytically more active than the corresponding non imprinted 
polymer (NIP). Moreover, it was proved that the template was rebound from the active 
cavity and it did act as specific site inhibitor, demonstrating that, despite the small rate 
enhancement observed, a true enzyme functional mimicry was created. The cavity, in 
fact, was able to stabilise the transition state of the reaction rather than allow the 
reaction happening in a “micro-reactor”. 
 
Scheme 5: The polymers were imprinted with the TSA (25) to mimic the tetrahedral transition state 
(24) generated during the hydrolysis of the 4-nitrophenyl acetate (23). 
Following this first attempt of Mosbach and co-workers of imprinting using a TSA, 
the number of examples reported in literature in the next years flourished with reports of 
various esterolytic polymers based on the same type of transition state analogue. 
Ohkubo et al. carried out a complete kinetic analysis of this system proving that the 
imprinted polymer behaved like an enzyme mimic increasing the rate of the reaction 7-
fold compared to the background at pH=7.[64, 65] This paper was immediately followed 
by another from the same group describing a water soluble polymer imprinted with 
phosphonate TSA able to increase the rate of the hydrolysis of (L)-leucine ester (26) up 
to 9-fold at pH=7.[65] In 1995 the same group developed both insoluble and water-
soluble polymers based on catalytic hystidyl group (27) for the hydrolysis of Z-(L)-
leucine ester, using a non-covalent imprinting strategy.[66] The water-soluble polymer 
showed a rate increase of 12-fold compared with the background whilst the insoluble 
polymer increased the rate of 3-fold. Both polymers demonstrated substrate specificity 
and template inhibition. This result showed the importance of the transport properties in 
the catalytic activity of the imprinted polymers. 
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 In 1994 Shea et al. reported the preparation of gel-like imprinted polymer with 
enantioselective esterolytic activity toward the Boc-D-Phenyl-alanine p-nitrophenol 
ester (28).[67] The polymers were prepared using a covalent approach, rather than metal 
complexes or non-covalent interactions, by attaching the catalytic phenol-imidazole unit 
to the TSA phosponate via ester linkage (29). The imprinted polymer, containing the 
catalytic unit (30), showed a little selectivity toward the D-enantiomer used for the 
imprinting. 
Inspired by the great rate acceleration, 103-104 factor, obtained by using 
phosphonate derivatives as TSA for the preparation of esterolytic antibodies,[68] Wulff 
et al., in 1997, developed a more promising strategy involving this type of TSA and 
using a stoichiometric non-covalent imprinting.[69] The system was based on 
polymerisable N,N’-diethylamidine units, used as functional monomers, which showed 
a strong association constant towards both the phosphonate ester (31), a TSA used as 
template, and the substrate, the carbonate 4-(2-(3,5-dimethylphenoxy)-2-
oxoethyl)benzoic acid (32). The amidine functional monomers (33) were used in a ratio 
2:1 respect to the template. In fact, the first unit interacts with the carboxylic acid of the 
template functioning as an anchor, whilst the second unit acts as a catalyst, stabilising 
the incipient transition state of the esterolysis (Scheme 6). 
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Scheme 6: The figure shows the system used by Wulff to catalyse the hydrolysis of carbonate (32) 
imprinting the cavities with the TSA phosphonate (31).[69] 
The result of this approach was a 100-fold increase in the hydrolytic activity of the 
imprinted polymer compared with the background at pH=7.6. As a control, another 
polymer was made using a complex between amidine and benzoate showing a 
surprisingly 20-fold increase in the hydrolysis of the substrate. The authors reported 
also a kinetic investigation of the TSA-imprinted and the benzoate-imprinted polymers, 
in addition to the free catalyst in solution. Although the ratio substrate/catalyst is not 
specified, and therefore the steady-state conditions could not be verified, the authors 
claimed for the two polymers a Michaelis-Menten kinetic behaviour, with a higher 
profile for the TSA-imprinted polymer. On the other hand, the free catalyst in solution 
showed, as expected, a linear dependence of the rate from the substrate concentration. 
The TSA polymer showed also a moderate selectivity towards its “own” substrate. 
Since the first the use of the phosphonate as a TSA for the esterolytic reactions, a 
numbers of researchers tried to develop imprinted polymers using a similar approach. 
Although a TSA is not always available for every reaction, and therefore a limited 
number of reactions can be catalysed using this approach, many researchers investigated 
the development of molecularly imprinted polymers for a number of these. Following 
this approach, Mosbach and co-workers, in 1993, made the first attempt to generate an 
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imprinted polymer able to perform a dehydrofluorination reaction.[70] The system was 
based on the TSA (34) already used for the generation of catalytic antibodies for the 
same reaction,[71] where a secondary amine was used to deprotonate an amino acid 
residue in order to form a carboxylate able to catalyse a β-elimination reaction. The 
methacrylic acid (MAA) was reacted with N-benzyl-isopropylamine and EDMA 
(ethylene-di-methacrylate) was used as cross-linking agent. After template removal the 
polymer cavities containing the carboxylate residues in the right spatial disposition, 
were incubated with the substrate, 4-fluoro-4-(p-nitrophenyl)-2-butanone (35). The 
dehydrofluorination was carried out in various solvent and the best rate enhancement 
was observed in methylene dichloride where the imprinted polymer resulted 2.4 times 
faster than the non imprinted and 3.4 times than the background in generating the 
unsaturated compound (36). 
 
Simultaneously to this report, in 1994, another example of polymer for β-
elimination appeared in literature by Shea and co-workers.[72] This group adopted a 
different approach using different dicarboxylic acids, such as benzylmalonic acid (37), 
as templates, in order to hold the amino functionalities (38) in the right places.  
 
Figure 9: The figure shows the formation of the imprinting complex between 2-benzylmalonic acid 
(37) and the amino functionalities (38) and the product rebinding operated by the imprinted polymer 
(right).[72] 
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The target substrate was the same as for the previous report (35) and the control 
polymer was prepared operating the imprinting with acetic acid. The best MIP/NIP ratio 
in this paper was equivalent to 3.5. Interestingly, an imprinted polymer made using a 
dicarboxylic acid with the two groups far away showed a catalytic activity no better 
than the control polymer, suggesting that the position of the two amino functions 
present in the imprinted cavities played a big role in directing the reaction as a result of 
the spatial interactions with the two carboxy groups of the template. 
The formation of a new C-C bond appears to be a challenge greater than the 
hydrolysis in terms of energetic requirements. This might in part explain the reason 
why, in the field of catalytic molecular imprinting, there are very few examples of 
polymers able to catalyse this type of reaction. In 1996 Matsui et al. reported one of the 
first examples of C-C bond formation catalysed by an imprinted polymer.[30] The 
system was designed to mimic an Aldolase type II, which is a metallo-enzyme that 
owns its activity to a Zn ion in the catalytic centre able to promote the reaction. The 
catalytic centre of the imprinted polymer was based on a metal complex described by 
two molecules of pyridine coordinating a Co(II). The reaction between acetophenone 
(39) and benzaldehyde (40) to give the corresponding condensation product, the 
chalcone (41), was chosen as a target. 
 
The polymer was imprinted with dibenzoyl-methane (42), a 1,3-diketone able to be 
held in place by formation of a complex with the Co(II) ion, and structurally similar to 
the product of the cross-aldol condensation. A schematic representation of this approach 
is given by the following Scheme 7. 
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Scheme 7: Schematic representation of the imprinting and catalytic approach used to prepare the 
Aldolase II mimic.[30] 
The imprinted polymer was able to increase the reaction rate by 8-fold over the 
reaction in solution but only 2-fold with respect to the non-imprinted polymer. 
Moreover, it necessitated 100˚C for several weeks to achieve complete conversion of 
the substrate. 
 In 1997 the same group developed the first imprinted polymer able to catalyse a 
Diels-Alder reaction between tetrachlorothiophene dioxide (43) and maleic anhydride 
(44) to give the product (45).[28] The imprinting strategy was inspired by a previous 
work carried out by Hilvert et al. in 1989 for the development of catalytic antibodies 
with Diels-Alder capabilities.[73] The chlorendic anhydride (46) was used as a template 
because of its structural analogy with the transition state of the reaction (TSA). The 
resulting imprinted polymer showed a Michaelis-Menten behaviour and a ratio kcat/kuncat 
equal to 270. 
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Scheme 8: Imprinting approach used to catalyse the reaction between tetrachlorothiophene dioxide  
(43) and maleic anhydride (44) to give (45). The polymer was imprinted using chlorendic anhydride 
(46) as TSA.[28] 
This section was intended to give to the reader an overview of the first examples of 
catalytic systems based on the use of the TSA as template in molecular imprinting. 
However a more extensive discussion about imprinted polymer with synthetic and 
catalytic properties can be found in the reviews by G. Wulff et al. and by C. Alexander 
et al. [1, 3, 4] 
The following sections will discuss the achievements of the catalytic molecular 
imprinting field focussing in particular on the last decade. The next section will start 
considering the use of imprinted polymer for synthetic applications other than catalysis 
 
1.2.3 IMPRINTED POLYMERS FOR APPLICATIONS IN SYNTHESIS 
Whitcombe et al., in 1999,[74] described the synthesis of a bulk polymer capable of 
protecting selectively two over three hydroxy groups in a steroid based compound, 
leaving the third one available for functionalisation. The system was based on a 
covalent imprinting approach involving a steroidal template possessing two hydroxy 
groups, which were allow to react with two polymerisable boronaphtalide monomers 
making boronic ester linkages. After polymerisation and template removal, the 
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imprinted polymer was incubated with a steroidal substrate containing three hydroxy 
groups and a selective acylation was performed on the “free” alcohol. The reaction was 
successfully carried out with a regioselectivity ratio of 23:1 for the desired monoester 
product. The same reaction performed on the non-imprinted polymer led to a reversed 
ratio of 1:100, proving the relevance of having functional groups in the right spatial 
position inside an imprinted cavity. 
Mosbach and collaborators, in 2001,[75] described an innovative approach to the drug 
discovery using polymers imprinted with a biologically active template. The approach, 
called anti-idiotypic for the similarity with anti-idiotypic antibodies in the immune-
response, can be used to create synthetic receptors able to generate inhibitors or receptor 
antagonists by exploiting the complementarity with the cavity. The imprinted cavity 
promotes preferentially the formation of compounds with high affinity, which can be 
later evaluated for the inhibitory activity and the more active selected for further 
analysis.  
The authors reported the preparation of polymers imprinted with the 4-(4-chloro-6-
(phenethylamino)-1,3,5-triazin-2-ylamino)benzimidamide (47), a well known inhibitor 
of the tissue proteinase kallikrein. These, after template removal, were used to allow 
direct coupling between a dichlorotriazine (48) and a series of aromatic amines. The 
first substrate was used to “resynthesise” the compound that was used as template and 
the yield of this was 4 times higher than with the corresponding control polymer. 
Moreover, the same reaction performed in free solution in the same conditions gave no 
product. The polymer was then tested against the other substrates to verify whether it 
was possible to synthesise compounds with slightly different properties. This 
experiment resulted in compounds with lower yields, 21% for one and 34 for another, 
whilst using a bulkier substrate it was not possible to obtain any product. 
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The year after, the same group[76] developed a system based on the same anti-
idiotypic approach and a similar template possessing a chiral centre, in order to 
investigate the possibility of controlling the enantioselectivity of the reaction uniquely 
by the direct moulding of the cavity. In this case the polymer was able to give 67% ee as 
opposed of the control polymer, which produced a racemic mixture. 
Nicholls and co-workers, in 2004, reported the preparation of imprinted polymers 
for the stereoselective reduction of (-)-menthone  (49) to diastereomeric products (-)-
menthol (50) and (+)-neomenthol (51).[77] The imprinting strategy made use of a 
covalent approach to prepare a template based on 2 molecules of (-)-menthol coupled 
with one of fumaric acid by means of ester linkages. After polymerisation the (-)-
menthol was removed by prolonged exposure to an excess of LiAlH4, which cleaved the 
menthol and subsequently transformed the alcohol residues in reducing agents. The 
polymer was able to selectively reduce the (-)-mentone, shifting the diastereomeric ratio 
to 1:1 in favour of the unflavoured (+)-neomenthol and altering the natural outcome of 
the reaction that would give a ration 2:1 in favour of the (-)-menthol. Although 
interesting, this results were not as significant as the ones obtained by Akermark and co-
workers,[62] who were able of reversing the regioselectivity of a steroid substrate 
reduction. 
 
In 2006, Ye et al. developed a non-covalently imprinted polymer capable of 
catalysing a regioselective 1,3-dipolar cycloaddition between azides and alkynes.[78] The 
polymer was imprinted using the anti-isomer (54), obtained by reacting the ethyl 
propiolate (52) and 2-aminobenzyl-azide (53), and methacrylic acid as functional 
monomer. After template removal, the same reaction catalysed by the imprinted 
polymer produced an amount of product 6.7 times higher than the control polymer and 
surprisingly 1.6 times that of the polymer-free solution. Moreover, 94% of the product 
obtained by the imprinted polymer was the anti-isomer against the 75% of the control 
polymer and 69% of the polymer-free solution. This suggested that the cavities 
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imprinted with the product could increase the regioselectivity of the cycloaddition only 
by directing the spatial disposition of the reactants. 
 
Scheme 9: The preparation of the imprinted polymer for the catalysis of 1,3-dipolar cycloaddition 
between azides and alkynes was obtained using the ethyl propiolate (52) and the azide (53) to generate 
the imprinted imprinting complex (54).[78] 
Meng and Sode[79, 80] also reported the preparation of imprinted polymers to be used 
as “reaction vessels” for the transesterification of p-nitrophenyl acetate (23) and 
hexanol. The MIP showed 8-fold increased activity compared to the NIP. 
After giving a brief overview of some of the applications of molecular imprinting 
for synthetic purposes, attention will now focus on the description of a few examples of 
catalytic polymers appearing in literature over the past decade. During the same time 
the molecular imprinting underwent a deep transformation in terms of material 
technology used to prepare the imprinted polymers, developing new polymeric formats 
often more suitable to address the issues raised by the use of bulk materials. In view of 
this fact, the following sections, covering the use of catalytic imprinted polymers, will 
be divided in subsections characterised primarily by the polymer format and after by the 
type of reaction (hydrolytic or C-C formation). The first of these sections will describe 
the use of the bulk acrylate format. 
 
1.2.4 CATALYSIS BY “BULK” ACRYLATE IMPRINTED POLYMERS 
The bulk polymeric format, characterised by highly cross-linked monolithic 
materials, is still widely used for the preparation of enzyme mimic despite some of its 
evident drawbacks (see section 1.1.4.1). This is due to the fact that this polymerisation 
method is the most widely described and therefore it can be considered somehow 
straightforward to have proof of novel concepts or hypothesis concerning new enzyme 
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mimics. The “bulk” polymer section will then be articulated in three subsections related 
to the main topics treated: hydrolytic reactions, carbon-carbon bond forming reactions 
and functional groups interconversion. 
 
1.2.4.1 HYDROLYTIC POLYMERS 
One of the most investigated types of reaction in the field of catalytic imprinted 
polymers, as indicated by the number of publication related, is certainly ester 
hydrolysis. In particular a great deal of work has been carried out on systems inspired 
by hydrolytic enzymes since 1989.[59, 63] More recently, Shea et al.[81] reported the 
preparation of enantioselective imprinted polymers for the hydrolysis of N-tert-
butoxycarbonyl phenylalanine-p-nitrophenyl ester (55), using a system already 
developed by the same group in 1994.[67] The system was inspired by the natural 
hydrolytic enzyme chymotrypsin and polymerisable imidazole units (27) were used as 
functional monomers coupled via ester linkages to a chiral phosphonate (56), analogue 
of (D)- or (L)-phenilalanine. After template removal, the imprinted polymers showed 
selectivity towards the hydrolysis of the enantiomer with which they have been 
imprinted. The ratio of the rate constants, kD/kL was 1.9 for the polymer imprinted with 
the D-enantiomer and kL/kD was 1.2 for the one imprinted with the L-enantiomer. 
Moreover, the imprinted polymer showed a 2.5-fold increase in the rate of the reaction 
when compared with the control polymer, imprinted with a benzoyl-substituted 
imidazole, and 10-fold increase when compared with the imidazole monomer in 
solution. 
 
The use of polymerisable imidazole as a functional monomer has been largely used 
for the preparation of hydrolytic imprinted polymers from other groups as well. Ohkubo 
et al.[82] for instance, described the preparation of imprinted polymers with esterolytic 
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activity towards N-dodecanoyl leucine-p-nitrophenyl ester (57) using a system similar 
to the Shea one but based on a stoichiometric non covalent approach. The imprinting 
was carried out with a phosphonate TSA and the activity of the resulting imprinted 
polymer was twice the non-imprinted. 
Another example of imidazole-based hydrolytic imprinted polymer was also 
reported by Goto and collaborators,[83] who developed a new methodology called 
“surface molecular imprinting technique”. The imprinted polymer was prepared in a 
water/oil emulsion by using an oleyl-imidazole (58), as host molecule, and a substrate 
analogue, the N-Boc-L-hystidine (59), as imprinting guest molecule. These were held 
together inside water droplets as Co(II) complexes. The radical polymerisation of the 
olefinic tails of the host molecules produced a porous “bulk” polymer due to the 
presence of the water droplets. Following removal of the imprinting guest, the free 
imprinted cavities will be left with the host units in a suitable position to rebind and 
hydrolyse the substrate. The authors claimed for the polymers an enzymatic behaviour 
and comparison of the two VmaxMIP/ VmaxNIP = 1.8, demonstrate the imprinting efficiency 
of the system. 
The group of Sode also reported the use of an imidazole derivative for the 
preparation of imprinted polymer with phosphotriesterase (PTE) activity towards the 
pesticide metabolite Paraoxon, diethyl 4-nitrophenolphospate (60).[84] The authors 
synthesised a non imprinted polymer catalyst based on a Zn(II)-imidazole complex, 
which was claimed to increase 105-fold the rate of the reaction compared to the 
spontaneous hydrolysis. The corresponding imprinted polymer, obtained by imprinting 
with the substrate analogue D4NP (diethyl(4-nitrobenzyl)phosphonate) (61), showed a 
little increase in the acceleration rate compared to the non-imprinted polymer. The 
authors demonstrated that using a Zn(II) complex, present in the natural PTE enzyme, 
instead of a Co(II), as for Mosbach,[63] the activity increased 5-fold, although presenting 
an imprinting efficiency of only 1.3.The Zn(II)-based system was also used to construct 
an amperometric sensor for the paraoxon, whose detection limit was established in 
0.1mM. 
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The preparation of imprinted polymers based on imidazole was also recently 
reported by Li et al.,[85] who used essentially the same system as Mosbach to investigate 
the effect of the monomer-template ratio on catalytic specificity. 
A different approach to the hydrolysis led Emgenbroich and Wulff[86] to develop an 
imprinted polymer with enantioselective esterase activity. The system was based on the 
use of an amidinium functional monomer (33), already developed earlier by the same 
group,[69] but in this case a chiral phosphonate (62) was used as imprinting TSA in order 
to catalyse the hydrolysis of the corresponding chiral ester (63). The polymer imprinted 
with the L-enantiomer was able to enhance the esterolytic activity 325-fold when 
compared with the background and 80 times compared to the non-imprinted polymer. 
The ratio between the two rates constant, kcat-L/kcat-D = 1.4 can be taken as a measure of 
the enantioselective efficiency of the reaction. 
 
More recently the same group reported the preparation of polymers with even higher 
activity based on functional monomers containing amidinium units and Zn(II) (64),[87] 
inspired by the natural metallo-enzyme carboxypeptidase A. The functional monomer is 
constituted by the amdinium group, which mimics the guanidium moiety present in the 
arginine and by a trialkyl-amine unit able to hold the metal in proximity of the 
amidinium function and the phosphate TSA. This strategic design allowed generation of 
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a hydrolytic imprinted polymer with an impressive pseudo-first order rate constant 
3200-fold higher than the background reaction when Zn(II) was used. In addition the 
imprinting effect, calculated as ratio of kimpr/kcontr, was equal to 61. 
With the aim of increasing the stability of the metal complex involved in the 
catalytic cycle, the authors substituted the Zn(II) (64) with the Cu(II) complex (65).[88] 
This in fact, not only forms a better complex but it is able to increase the nucleophilicity 
of the OH- from which depends the rate of the hydrolytic reaction. As a result of this 
modification, the new imprinted polymer showed an extraordinary 8000-fold increase in 
the acceleration rate if compared with the uncatalysed reaction. The reaction performed 
on a carbonate substrate containing pyridyl nitrogen (66), allowing a tighter binding 
with the catalytic unit, presented an even enhanced ratio on both the uncatalysed and 
control polymer catalysed reactions. 
 
A further evolution of this system has been recently published by Liu and Wulff,[89] 
in which one amidine unit was added on both sides of the trialkyl-amine in order to 
have a complex coordinating one atom of Cu(II) in close proximity of two molecules of 
substrate interacting with the amidines (67). As a consequence of this structural 
modification the imprinted polymer was able to accelerate the rate of the reaction by an 
extraordinary factor of 410000 when compared with the background. This is the highest 
rate enhancement ever achieved so far for an imprinted polymer. 
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It seems clear from this brief overview that, since the seminal work of Mosbach in 
1987,[59] imprinted polymers with hydrolytic activity have been going through 
important developments, which allowed achieving some interesting results. The 
discussion will therefore move to examine the use of the same format in the application 
of the imprinting technology to the carbon-carbon forming reactions. 
 
1.2.4.2 CARBON-CARBON BOND FORMING POLYMERS 
The formation of a new carbon-carbon bond needs activation energy generally 
higher than the one involved in a carbon-heteroatom bond breakage, and therefore the 
requirements for a catalyst, aiming to promote this kind of reactions, are stronger if 
compared with those for hydrolysis. The generation of a molecularly imprinted catalyst 
is not exempted from this issue and, as a consequence, the number of imprinted 
polymers with carbon-carbon bond capabilities is so far limited. Apart from a few 
examples of Diels-Alder reactions,[28] the majority of the catalytic imprinted polymers, 
so far, make use of metal complexes to lower down the energetic barrier needed to 
catalyse the new C-C bond formation. The intent of this section is to provide the reader 
with a general idea of the type of work done in the past decade on this topic. 
In 2001, Cammidge et al.[29] reported the preparation of a molecularly imprinted 
polymer for Suzuki cross-coupling between p-bromoanisole (68) and phenylboronic 
acid (69) to give the corresponding 4-methoxybiphenyl (70).  
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The polymer was imprinted with a metal complex (71) where two polymerisable 
triphenyl-phospine ligands and a catecholate, as a template, coordinated a Pd(II) ion. 
Although the polymer were made with only 25% of cross-linker, the polymer matrix 
was rigid enough to preserve the imprinted shape and, as a result, allow the polymer 
achieving up to 81% of yield instead of a 56% maximum yield obtained with the 
catalyst prepared from the commercial ligand. In addition, the imprinted polymer 
showed consistently higher yields (76-81%) even after being re-used for 5 times, whilst 
the homogeneous catalyst showed a drop in the yield from 56% to 45% when recycled, 
proving the enhanced activity and re-usability of the imprinted catalyst. 
 
On the base of this report, in 2003, Gagnè and collaborators described an imprinting 
system involving the use of the crown ether to improve Cammidge’s system.[90] The 
polymer was prepared by imprinting the polymerisable bis-triphenyl-phosphine-
Pd(catecolate) together with a polymerisable 1:1 complex formed by the 4’-vinylbenzo-
18-crown-6-ether and n-butylamine (72). The introduction of the crown ether served the 
purpose of coordinating the cation of the base, such as K2CO3, used to promote the 
reaction. The activity of the new imprinted polymer was compared with Cammidge’s 
polymer and it was greatly enhanced by the use of the crown ether and dependent also 
on the nature of the cation used. In all the cases the activity was higher than 
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Cammidge’s polymer but the best result was obtained using K2CO3 as a base, since the 
new polymer showed a conversion 2.5 times higher. 
Another interesting example of C-C bond formation can be found in reports from Li 
and co-workers, who, in 2004, described the preparation of a molecularly imprinted 
polymer with peroxidase-like activity capable of dimerising the homovanillic acid 
(HVA) (73).[32] In this case a polymer was prepared by using the HVA substrate, instead 
of a TSA, as a template and a haemin unit as catalytic centre (74). The polymerisation 
was carried out in the presence of acrylamide and vinyl-pyridine in order to add extra 
functionalities aiding substrate recognition. The imprinted polymer showed an enzyme-
like activity, as confirmed by adherence to the Michaelis-Menten saturation model, and 
it was inhibited by ferulic acid (75), a structural analogue of the substrate, which is able 
of inhibiting the natural peroxidase as well. 
 
A successive report from the same group[91] discussed the influence of molecular 
recognition on the substrate binding, and therefore catalytic activity, in the peroxidase 
system previously developed. The authors reached the conclusion that the haemin 
played a role not only in the catalytic cycle but it was essential in the molecular 
recognition of the substrate, by cooperating with the other co-monomers, 4-vinyl-
pyridine and acrylamide. Moreover, imprinting efficiency was demonstrated by 
showing that the catalytic activity of the MIP was enhanced 7.6 times with respect to 
the NIP. 
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On the basis of a catalytic system previously developed by the same group,[30] 
Nicholls and collaborators[31] reported the preparation of an imprinted polymer for 
enantioselective formation of a C-C bond with properties of a metallo-enzyme aldolase 
type II. Polymers were imprinted using the two enantiomers of a 1,3-diketone, the 
(1S,3S,4S)-(75), and the corresponding (1R,3R,4R)-(75), together with two 4-vinyl-
pyridine held in place by a Co(II). The cross-aldol condensation between camphor (76) 
and benzaldehyde (40) to give (77) was chosen as a target reaction with the aim of 
controlling the enantioselectivity of the reaction using the imprinting technology. 
O
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Both imprinted polymers showed an enhancement in the catalytic activity that was 
about 50-fold higher than the control polymer (P0) and turnover of the catalytic cavities 
was also demonstrated. However when comparison was made with a polymer 
containing Co(II) but that was not imprinted with the template (P1), the rate 
acceleration dropped to about 4-fold. In addition, the control of the enantioselectivity of 
the reaction was very low. In fact, the polymer, imprinted with the diketone derived 
from the R-camphor, was able to catalyse the reaction, between the S-camphor and 
benzaldehyde with an acceleration rate almost identical to the one obtained with the 
polymer imprinted with the opposite enantiomer. The rate enhancement between the 
two polymers was in fact equal to1.04. 
Earlier this year, the same group described the preparation of novel imprinted 
polymers with Diels-Alder cycloaddition capabilities.[92] The imprinting system was 
inspired by the same approach used by Gouverneur et al. for the preparation of catalytic 
antibodies for Diels-Alder cycloaddition.[49] The reaction between 1,3-butadiene 
carbamic acid benzylester (78) and N,N’-dimethylacrylamide (79) was chosen as a 
target reaction to study the formation of the corresponding endo- and exo-products (80). 
Imprinted polymers were prepared using the two isomers and, although the imprinted 
polymers resulted to enhance 20-fold the rate of the reaction when compared with the 
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background, nevertheless no significant selectivity was exhibited by the polymers 
towards the isomer used for imprinting. 
 
So far we have discussed only the use of molecular imprinting for the synthesis of 
enzyme-like catalytic polymers with hydrolytic and carbon-carbon bond forming 
properties. However, in the past decade, a number of research groups worked on 
another important application that is the functional groups interconversion. The next 
section will describe some of the most significant reports appeared in the literature 
during the past decade. 
 
1.2.4.3 FUNCTIONAL GROUPS INTERCONVERTING POLYMERS 
Severin and Polborn, in 2000, reported the development of imprinted polymers 
capable of performing regioselective hydrogenation of ketones to alcohols.[93] The 
imprinting strategy was based on the use of the first characterised organometallic TSA, 
the (η6-arene)Ru(II) complex (81), with a diphenylphopshinato ligand acting as a 
pseudo-substrate, and capable of catalysing the reduction of benzophenone (82) via 
hydrogen transfer. After removal of the diphenylphosphinato ligand, operated by 
displacement with chloro ligand, the free shape-selective cavity (83) was able to 
catalyse the reaction. When the 2-propanol was used instead of formic acid as reducing 
agent, the imprinted polymer demonstrated rate acceleration up to 7 times higher than 
the non imprinted polymer, prepared using the complex but without the substrate. In 
particular, when a reaction was carried out over a pool of seven aromatic ketones, 
including the benzophenone, a clear preference of the imprinted polymer towards 
reduction of the benzophenone to diphenylmethanol (84) was demonstrated. This result 
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proved the ability of the imprinted polymer in differentiating between substrate 
structurally very similar. 
Moreover, when the reaction was performed with a multifunctional substrate, such 
as 4-acetyl-benzophenone (85), the yield in diaryl methanol was 1.3 times higher than 
the one derived from the reduction of the acetyl group. On the other hand, when the non 
imprinted polymer was used, the regioselectivity was reversed, with the yield of 
reduced acetyl being 1.7 times higher than the diarylmethanol. 
 
In a subsequent report, in 2005, the same group described the preparation of 
imprinted polymer capable of oxidising alcohols and alkanes with 2,6-dichloropyridine 
N-oxide (86) without mineral acid activation.[94] The polymer was imprinted with a 
ruthenium porphyrin complex (87) using the diphenylmethanamine (88) as pseudo-
substrate template in order to achieve a shape of the cavity complementary to the 
substrates, diphenylmethane (89) and diphenylmethanol (84). The reaction, carried out 
with the imprinted polymer on the diphenylmethanol as substrate, showed a rate 
enhancement 2.5 higher than with the non imprinted polymer. In the same conditions, 
but with diphenylmethane and antracene as substrates, the results are even higher with a 
rate enhancement of 6.4 for the first and 15.7 for the second. These results were 
possibly due to the fact that in the alkane oxidation the imprinting effect is manifested 
twice (alkane ⇒ alcohol and alcohol ⇒ ketone) with a greater influence on the overall 
reaction rate. 
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 An alternative approach to the oxidation of alcohols to ketones was also reported by 
Shea et al., who incorporated a nitroxide catalyst into a polymeric matrix.[95] A 
polymerisable 2,2,6,6-tetramethylpyperidine (90) was derivatised as N-allyl-amine (91), 
which was removed after polymerisation, leaving a catalytically active nitroxide (92) 
able to form stable free radicals catalysing thereby efficiently the reaction of oxidation 
with yields ranging from 55 to 88%. 
 
 Another interesting application of molecular imprinting to functional groups 
interconversion was described in 2004 by Nicholls and co-workers, who developed an 
enzyme mimic to convert α-keto-acid into α-amino-acid, taking inspiration by the 
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natural transaminase.[96] The reaction between pyridoxamine (93) and phenylpyruvic 
acid (94) to give phenylalanine (95) was selected as target. The polymer was imprinted 
using a chiral oxazine-based TSA (96) as a template and methacrylic acid as a 
functional monomer. After polymerisation and template removal, the polymer was 
found to follow a Michaelis-Menten saturation model and to undergo inhibition as a 
result of template rebinding. In addition, the imprinted polymer showed a rate 
enhancement of 15-fold when compared with the background solution and 3-fold with 
the non imprinted polymer, which showed a 5-fold increase in comparison with the 
background. Another important feature of this system was represented by the induction 
of chirality during the transamination, which resulted in a 32% ee with the imprinted 
polymer as opposed of a racemic mixture obtained with non imprinted polymer. 
 
 An interesting example, although it cannot be described as functional 
interconversion but rather as isomerisation, was reported by Motherwell and 
collaborators in 2004.[97] In this case a polymer was imprinted with a trans-carvyl amine 
(97), which was used as TSA, for the isomerisation of α-pinene oxide (98) to trans-
carveol (99) that was obtained with 45% yield. 
 Takeuchi et al. reported the preparation of an imprinted polymer for the conversion 
of the herbicide atrazine (100) in atraton (101), a less toxic compound, by conversion of 
an atrazine chloride into methoxy.[98-100] After polymerisation and removal of the 
template, analysis of the imprinted polymer showed saturation kinetics, suggesting an 
enzyme-like behaviour of the polymer. 
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Having described few examples of catalytic imprinted polymer based on the “bulk” 
polymer format, the attention will now move to describe catalytic systems based on 
different types of polymer formats, often developed with the intent of addressing some 
of the issues presented by bulk. 
 
1.2.5 CATALYTIC BEADS, PARTICLES AND MEMBRANES 
The previous section illustrated some of the most significant works regarding the 
topic of catalytic molecular imprinting in the past decade using the “bulk” polymer 
format. Although the target was often envisaged in imprinted polymers with capabilities 
inspired by natural enzymes, nevertheless the “bulk” format might have hampered the 
catalytic activity of the systems because of some obvious drawbacks linked with this 
format, as it was said earlier in this thesis (see section 1.1.4.1). In view of this fact, new 
polymeric materials have been developed, which resulted in a more homogeneous size 
distribution and sites homogeneity, as opposed to the dishomogeneous and irregularly 
shaped insoluble particles resulting from the grinding of the “bulk’ polymers. These in 
fact, inter alia, affect the solubility, the load capacity and, overall, the reproducibility of 
the results. 
With the view of overcoming the major issues of the bulk format, new polymeric 
materials, such as beads, particles and membranes were developed, prompting the 
application of these new formats to well known imprinting systems. 
Wulff and collaborators, for instance, reported the preparation of TSA imprinted 
beads for the hydrolysis of carbonate and carbamate,[101, 102] exploiting the amidine (33) 
functional monomer previously developed by the same group and successfully applied 
to the bulk format.[69] The polymers were prepared using a suspension polymerisation 
that produced beads with sizes in the range 8-375µm, depending on the polymerisation 
conditions. The pseudo-first order reaction rate of the imprinted beads (kMIP/ksoln) was 
enhanced by a factor of 293 for the carbonate hydrolysis and 160 for the carbamate, 
when compared with the background.  
While comparing the pseudo-first order constant for the same polymers with the 
relative non imprinted polymers (kMIP/kNIP), the rate increase dropped to 24 for 
carbonate and 11 for carbamate. The corresponding bulk polymers showed better results 
Chapter I: Introduction: Catalytic Imprinted Materials 
 
 
47
since the rate enhancement, due to the imprinted polymer, was 588 for the carbonate 
hydrolysis and 1435 for the carbamate. However, when comparing the imprinted with 
the non imprinted bulk, the ratio dropped to 10 for carbonate and 5.8 for carbamate, 
suggesting that the higher selectivity showed by the beads could be due to an enhanced 
accessibility of the active sites compared to the bulk. 
Following the first reports in the literature of catalytic imprinted beads, a number of 
authors also reported applications of this polymer format to several imprinting systems. 
Busi et al. reported the preparation of catalytic active beads for the Diels-Alder reaction 
using a TSA as a template.[103]  Jakubiak and co-workers developed imprinted beads for 
the oxidation of phenols based on a Cu(II) complex as catalytic centre.[104] Say and 
collaborators described the synthesis of microbeads also based on a Cu(II) complex 
with esterase activity towards paraoxon (60), a potent nerve agent.[105] The imprinted 
beads enhanced the rate of reaction over the non imprinted polymer by a factor of 40, as 
resulted from the ratio of the corresponding kcat. 
Brüggemann and co-workers have applied the molecular imprinting technique to 
several polymeric materials with the aim of addressing some of the issues related with 
the “bulk” polymeric format. The examples spread from the synthesis of imprinted 
membranes for the catalysis of dehydrofluorination reaction,[106] to the preparation of 
MIP-shells for a Diels-Alder reaction.[107, 108] In the first case an imprinting approach 
similar to the one previously reported by Mosbach et al. with “bulk” polymers was 
used,[70] whilst in the second the MIP-shells were generated by acrylate polymerisation 
around a TSA template immobilized on the surface of silica nanoparticles. In the latter, 
the MIP-shells were obtained by dissolution of the silica nanoparticles, which resulted 
in a porous imprinted material with active sites located very close to the shells-surface. 
Interestingly, the authors claim that a 3-fold increase in the rate enhancement was 
achieved from the MIP-shells in comparison with the relative control shells, as opposed 
of the corresponding bulk systems where both imprinted and non imprinted polymers 
showed the same rate. 
 
1.2.6 CATALYTIC MICRO- AND NANO-GELS 
Large part of the literature related to catalytic molecular imprinting describes the 
synthesis of insoluble polymers with a high degree of cross-linking. The applications of 
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these materials, characterised by a low degree of flexibility due to the rigidity of theirs 
structures, are hampered by the level of cross-linking, which can affect the transport 
properties and therefore theirs turnover. On the other hand, microgels seemed to be 
attractive materials to be used in molecular imprinting, especially in catalysis, because 
their particular features (good solubility in both organic and aqueous solvents, stability 
in a broad range of pH and temperatures, good degree of flexibility, rigidity to preserve 
strong recognition properties and high surface/volume ratio) are expected to lead to an 
increased efficiency and to an higher rate enhancement, overcoming the major 
drawbacks of the bulk polymers. 
The following two sections will describe how these materials have been exploited so 
far to improve the activity of systems, previously developed as a bulk or newly 
designed, creating molecularly imprinted microgels with hydrolytic activity or C-C 
bond formation capability. 
 
1.2.6.1 HYDROLYTIC MICROGELS 
The first example that describes imprinted catalytic microgels has been reported in 
2004 by Resmini et al.,[26] which described the synthesis of soluble acrylamide-based 
microgels with hydrolytic activity towards 4-acetamidophenyl 4-nitrophenyl carbonate 
(102). The imprinting strategy was based on the corresponding phosphate TSA (103). 
Literature data demonstrated that arginine (104) and tyrosine (105) are responsible of 
improved catalytic activity in hydrolytic reactions, therefore they were used as 
functional monomers after making them polymerisable by adding an acryloyl 
functionality. The polymers have been made in DMSO using a high dilution radical 
polymerisation initiated by AIBN (106), and acrylamide (107) as back-bone monomer, 
70% (wt/wt) N,N’-ethylenebisacrylamide (108) as cross-linker and CM=1.5%. 
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A full kinetic characterisation of the imprinted (Pol397) and not imprinted (Pol396) 
polymers was carried out in a 9:1 solution of DMSO and Tris-HCl buffer. The kinetic 
profile showed Michaelis-Menten behaviour with an 8.9 value of Vmax/Kmkuncat, having a 
significant enhancement of an order of magnitude over the uncatalysed reaction. The 
generation of a selective three-dimensional cavity providing substrate selectivity has 
been demonstrated using Pol397 to catalyse the reaction with the 2-nitro isomer of the 
substrate, which resulted to be almost 9 times less active than the 4-nitro. In 2005 the 
same group reported a more detailed study related to this catalytic system,[27] where 
microgels with different percentage of cross-linker (from 70% to 90%) have been fully 
characterised using a variety of techniques to determine their chemico-physical 
properties including relative molecular mass, Mr, coil density and particles size. 
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Figure 10: The figure shows the imprinting strategy based on the TSA (103). The phosphate template 
mimics the tetrahedral intermediate deriving from the hydrolysis of the analogue carbonate, imprinting 
therefore a cavity with a shape complementary to the real transition state of the reaction.[26] 
A step further in the synthesis of enzyme-like microgels was made in 2006 by G. 
Wulff et co-workers[109] who reported a new procedure to obtain molecularly imprinted 
catalysts in the form of soluble, single-molecule nanogels of defined structure. The 
imprinting strategy was based on the system previously developed by the same group 
for bulk polymers (see section 1.2.5).[101] After investigating different polymerisation 
methodologies using ethylene dimethacrylate (109) and methyl methacrylate (110) with 
high dilution radical polymerisation, a new procedure, called ‘post dilution method’, 
was developed to increase the rigidity of the structure without increase the monomer 
concentration. The macrogelation is avoided stopping the polymerisation at high 
concentration just before that occurs, and largely diluting the solution with 
polymerisation solvent to keep the concentration of monomer below CM. In this way the 
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density of the particles increases but the polydispersity becomes lower and the catalytic 
activity improves. This method allowed synthesis of nanogels very similar to natural 
enzymes because of their solubility, average molecular weight (40 kDalton) and 
decreased the number of active sites up to one per particle. Kinetic characterisation of 
these nanogels were carried out with 2 equivalent of cavities per 1 equivalent of 
substrate and it resulted in a very high kimpr/ksol value of 291 and kimpr/kcontr value of 18.5 
for the imprinted nanogel ING4, where trimethylolpropane-trimethacrylate (TRIM) 
(111) was positively used as cross-linker. 
 
 
1.2.6.2 MICROGELS IN C-C BOND FORMATION 
The hydrolysis reaction is generally less demanding in terms of energy required to 
convert reagents into products since it presupposes a bond breakage which is 
entropically favoured. Reactions involving creation of a new bond are very challenging, 
especially a C-C bond with a new chiral centre, given that two atoms have to approach 
and join together in the right spatial configuration. This partially explains why, looking 
at the plethora of publications related to catalytic molecular imprinting, only a small 
percentage is dedicated to C-C bond formation, the reason being the difficulty in 
designing a system capable of catalyse a reaction with high level of selectivity.  
The first attempt in using a microgel system to catalyse a C-C bond formation dated 
2007, when Yuanzong Li et al.[110] reported the synthesis and characterisation of soluble 
nanogels mimicking a peroxidase-like catalyst for the oxidation (dimerisation) of 
homovanillic acid (HVA) (73) under aqueous conditions, using a catalytic system 
previously developed by the same group for bulk polymers.[32] The soluble nanogels 
were made using the Fe-porphyrin (hemin) (74), acrylamide (107) and 4-vinylpiridine 
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as functional monomers and HVA, the substrate, as template with a solution 
polymerisation method initiated by AIBN. Chemo-physical characterisation of these 
polymers by GPC, TEM, DLS and ESEM established an average size of 200nm in 
DMSO and 160nm in a mixture of DMSO-buffer. Kinetic characterisations performed 
in DMSO-Tris-HCl buffer (5:95), where the polymers are completely homogeneous, 
resulted in a 7-times increased activity compared with the bulk and 3-times increase 
compared with the same polymer in 100% buffer. These results indicate that the 
improvement in catalytic activity can be mainly attributed to the size decrease of the 
enzyme-like polymer and therefore to the homogeneity of the solution. This example is 
explicative of how the microgels materials lead to a serious improvement even using a 
more sophisticated system such as those catalysing bond formation and not only bond 
breakage. 
These achievements proved that the use of microgels as material for molecular 
imprinting reduces sensibly the gap between the natural and artificial enzymes in terms 
of transport and molecular recognition properties and let hope for further improvement 
in specific application as tailor-made catalysts capable to complement the natural 
enzymes. 
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1.3 THE CROSS-ALDOL REACTION 
1.3.1 INTRODUCTION TO THE CROSS-ALDOL REACTION 
The aldol reaction is a powerful transformation in organic chemistry for the 
formation of C-C bonds, giving rise to a new chiral centre bearing a hydroxyl group that 
can be further transformed. The product is a β-hydroxy-ketone, often named aldol 
because of the close proximity of functional groups of the aldehyde (ald) and the 
alcohol (ol). The aldol reaction was discovered independently from Charles-Adolphe 
Wurtz, better known for the Wurtz reaction (used to synthesise hydrocarbons, R-CH2-
CH2-R’, from R-CH2Na and an R’-CH2X), and Alexander Porfyrevich Borodin (1872), 
better known for his musical compositions, who noticed the aldol dimerisation of 
acetaldehyde in 3-hydroxy-butanal with acidic conditions. Since then the aldol reaction 
underwent a deep investigation for more than a century and many variations to the 
original reaction were developed for different applications.  
There are important industrial applications of the aldol reactions such as the 
synthesis of the atorvastatin, LIPITOR®, developed by Pfizer’s since 1996 and used to 
cure hearth diseases (by controlling the level of cholesterol in the blood stream), whose 
synthesis starts with 2 aldol reactions. Another example is the highly active anti-tumour 
agent DISCODERMOLIDE®. Recently a lot of interest rose around the anti-flu drugs 
Zanamivir, commercially RELENZA® from GSK, and Oseltamivir Phosphate, 
commercially TAMIFLU® from Roche, because they seemed to be, up to now, the more 
efficient drugs to cure the avian flu virus H5N1 (bird-flu 
disease) and swine flu virus H1N1 by inhibiting the 
NeuroAmidase (NA) receptors.[111] The last molecule has been 
synthesised by Gilead Science for Roche in 30 steps, involving 
the aldol reaction and starting from a natural building block, 
the shikimic acid, extracted from the Chinese star anise, a 
spice, whose 90% of the world supply is bought by Roche just 
to synthesise this drug. 
 
COOH
HO
OH
OH
Shikimic acid
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Figure 11: The figure shows some examples of commercial drugs whose synthesis involves an aldol 
reaction step. 
In nature, the aldol is a structural motif found in many naturally occurring 
compounds and it is also frequent in polyketides, a class of natural products from which 
many pharmaceuticals compounds such as immunosuppressant (FK506), antibiotics 
(tetracycline) and antifungal (amphotericin B) derive. The aldol structure is so 
important that Nature has a group of 30 enzymes, divided in aldolases type I and II, able 
to catalyse the forward (cross-aldol) and backward (retro-aldol) reactions in important 
biological processes such as glycolysis, where sugars are oxidised to carbonic anhydride 
and water with production of ATP. 
 
1.3.2 HOMO- AND CROSS-ALDOL REACTIONS AND CONTROL OF THE 
SELECTIVITY 
A prerequisite for the aldol reaction to occur is a carbonyl compound with at least 1 
α-hydrogen capable to form the corresponding enol or enolate which acts as the 
nucleophile (donor) and reacts with another carbonyl group (acceptor). If the reaction 
occurs between two molecules with identical chemical structure is called homo-aldol, 
otherwise it is called cross-aldol. To avoid the formation of a mixture of too many 
products, the cross-aldol reaction is generally used with an enolisable donor carbonyl 
and an acceptor without α-H, so that the self condensation of the latter is avoided. 
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The aldol reaction can be catalysed by both acids and bases. The base catalysed 
reaction (Scheme 10) involves the formation of an enolate species of the donor, by 
deprotonation of an α-H, that attacks the acceptor carbonyl to generate the alcolate of 
the corresponding aldol that is subsequently protonated to give the β-hydroxy-ketone. 
 
Scheme 10: Base-catalysed homo-aldol reaction. 
The acid catalysed aldol addition (Scheme 11) involves the protonation of the donor, 
which then tautomerises to enol by loosing a proton. This active species attacks an 
acceptor carbonyl generating the corresponding protonated aldol, which is transformed 
in the neutral aldol by a proton transfer. 
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Scheme 11: Acid-catalysed homo-aldol reaction. 
 In both cases (acid and base catalysed reaction) the aldol can undergo a further 
reaction of dehydration leading to the corresponding condensation product, the α,β-
unsaturated ketone (Scheme 12). 
 
Scheme 12: The dehydration of β-hydroxyketone leads to α,β-unsaturted ketone. 
If, in a cross-aldol reaction, the donor carbonyl possess two different type of α 
hydrogen, as in an asymmetric ketone, such as butan-2-one, and the donor does not have 
any, then two possible region-isomers are formed, the less and the most substituted 
(Scheme 13), depending of which α-H is abstracted and therefore which enol (enolate) 
is formed. This leads to a mixture, which involves at least 6 products (one linear 
regioisomer and two branched, the syn and the anti, all with the respective 
enantiomers). It is therefore clear that the control of both the stereo- and regio-
selectivity of the aldol reaction is an important target if practical applications are to be 
achieved. In certain cases the structure of the substrates and the use of particular 
reagents can provide a certain degree of selectivity, depending on whether the reaction 
is carried out under kinetic or thermodynamic control.  
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Scheme 13: The scheme shows the possible regioisomers of the cross-aldol reaction between an 
asymmetric ketone and an aldehyde not having α-H. 
The generation of the enolate under kinetic control generally requires stabilisation of 
the donor carbonyl at low temperatures. In these conditions only the more substituted 
enolate is generated, which can be stabilised also by use of lithium. In this case, the 
reaction proceeds depending on the structural features of the acceptors. Under 
thermodynamic control the ratio of the products is determined by the relative stability of 
the various possible products, in fact, there is a thermodynamic equilibrium between the 
enolates, governed by the temperature and the presence of protic solvents. Since the 
aldol addition proceeds via a chair-like transition state, the product selectivity is 
affected by the geometric isomerism of the enolate; in fact the stability of the transition 
state (and therefore the product ratio) is governed by the steric interactions between the 
substituents. In general an E-enolate gives an anti-product while a Z-enolate gives a 
syn-product.[112] 
 
1.3.3 APPROACHES TOWARD THE CONTROL OF THE CROSS-ALDOL 
REACTIONS 
The control of the enantioselectivity of the aldol reaction is important, especially in 
the synthesis of complex molecules containing more than one stereo-centre, such as 
carbohydrates or some biologically active compounds. The enantioselectivity is 
determined by the preferential nucleophilic attack of the enol (or enolate) on one side of 
the pro-chiral carbonyl of the acceptor (Scheme 14). To achieve a high level of 
stereocontrol is therefore necessary to favour one of the two enantiofaces of the 
acceptor carbonyl. This can be obtained either by controlling the steric hindrance of the 
substituents on both donor and acceptor or using a chiral auxiliary that operates the 
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chiral recognition of one enantioface allowing a preferential attack of the donor on the 
opposite side. 
 
Scheme 14: The scheme shows stereochemistry of the aldol reaction involving acetaldehyde. 
The control of the regioselectivity can be achieved with two major approaches: the 
‘directed’ and the ‘direct’. In the direct approach the donor and acceptor are both 
chemically unmodified, and a catalyst is used to promote the reaction. This catalyst can 
be an enzyme, a catalytic antibody, a small peptide, a small molecule or an 
atropoisomeric heterobimetallic complex, such as the Shibasaki catalyst (R)-LLB 
(Lantanium-Lithium-BINOL or LnLi3tris((R)-binaphthoxide) (112) and others.[113] 
 
In the directed approach the donor is converted into a stabilised enolate or enolate-
equivalent. In that case a stoichiometric amount of an additional reagent is required to 
complete the reaction. The control of the stereoselectivity is due to a substantial 
modification of the donor. During the aldolisation the chirality is induced by a chiral 
auxiliary attached to the prochiral substrate, which is further removed from the final 
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aldol product, such as for the enolate derivatives like the Evans oxazolidinone boron 
enolates (Scheme 15).[114] 
 
Scheme 15: Boron-mediated aldol reactions of a N-acyl 2-oxazolidinone (113) and aldehydes to give 
syn-aldol products (114). 
Stereoselective and regioselective cross-aldol reactions can be carried out using two 
different methods, biocatalysis and chemocatalysis. In the first case natural or artificial 
enzymes (such as catalytic antibodies) are used to gain control of the reaction. This 
approach has important advantages, such as high stereoselectivity, regioselectivity and 
high efficiency.[23, 24, 48] In the chemocatalytic approach the acceleration in the rate of 
the reaction is due to the use of chemical compounds, added to the reaction mixture as 
catalysts (i.e. in substoichiometric amount). In particular there are two main chemical 
approaches: the organocatalysis and the metallocatalysis. The first is based on the use 
of small organic molecules (i.e. proline derivatives or small peptides) to activate the 
donor via formation of enol/enolate equivalent that can then react with the acceptor. In 
the second, organic molecules are coordinated to metal to form a complex that promotes 
the reaction. The choice of metal in the cross-aldol reaction plays a different role 
depending on which type of approach is used to catalyse the reaction. For instance, 
metals act as catalytic centres in the direct approach used with the Shibasaki catalyst 
(112),[113] where the substrate do not need any preactivation. On the other hand, metals 
can be used also to stabilise or activate the donor carbonyl as in the case of the litium 
enolates and the Lewis acid respectively. 
The literature regarding the cross-aldol reaction presents a number of different 
methodologies available to control both the regioselectivity and the stereoselectivity, 
whose fully review is beyond the scope of this chapter. More details regarding the aldol 
reaction can be found in recent reviews from Palomo et al.[115, 116] In this thesis it was 
decided to focus the attention on those approaches relevant for the dissertation of the 
enzyme mimic topic, restricting the field to those approaches mainly developed and 
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inspired by nature: aldolase antibodies, organocatalysis and aldolase enzymes (type I 
and II). 
 
1.3.3.1 ALDOLASES ANTIBODIES  
In 1995 J. Wagner, R. Lerner and C. F. Barbas III reported the first example of 
catalytic antibodies able to catalyse the cross-aldol reaction with acceleration rates 
comparable to the ones of natural aldolases and with a certain degree of regio and 
enantio-selectivity.[9, 48] The success of this work resides in the reactive immunisation 
strategy adopted to generate the antibodies. In fact a compound, containing a1,3-
diketone moiety, has been used as a chemical trap to elicit antibodies having an ε-amino 
residue of Lys capable of forming a vinylogous amide (Scheme 16). This was stabilised 
by a 6-membered ring structure generated bridging the hydrogen of the enol hydroxy 
group with the nitrogen of the newly formed immine which further tautomerises in 
enamine. 
Scheme 16: Vinylogous amide used to trap the ε-amino residue of a Lys. 
In this way the catalytic antibodies were able to direct the reaction by forcing the 
substrates to react in a stereo- and regio-controlled fashion, dictated by their recognition 
site. These antibodies represent the most successful example within the catalytic 
antibodies field and are currently marketed by Sigma-Aldrich. 
 
1.3.3.2 ORGANOCATALYSIS 
The term organocatalysis is relatively new in the panorama of the organic synthesis 
and it is used to refer to small organic molecules able to catalyse organic reaction in 
substoichiometric amounts with no need of either potentially toxic and expensive metals 
or protein-based catalysts. This field grew up very fast in the last 10 years and now 
comprehends an important toolbox for synthetic chemists, who can now count on 
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organocatalysts able to catalyse a number of reactions (around 130 up to now) using, so 
far, five different activation modes: the enamine catalysis,[117] the hydrogen-bonding 
catalysis, the imminium catalysis, the very recent SOMO (Singly Occupied Molecular 
Orbital) catalysis and counterion catalysis. The term activation mode has been used to 
refer to reactive species, generally derived from the interaction of a single chiral catalyst 
with a basic functional group such as aldehyde, ketones, alkene or immine. The results 
of these interactions are reactive species that can take part in many types of reaction 
generating high enantioselectivity. Figure 12 reports one example for each of these 
activation modes.  
 
Figure 12: The figure shows few examples of organocatalysts and the type of catalysis performed.[118] 
Since this very interesting aspect of the chemistry will not be further discussed in 
this introduction, the reader is invited to consult a recent article from McMillan and 
references herein for more details.[118] 
The milestone of this class of molecules is the natural amino acid L-proline (114), 
which is able to catalyse a variety of reactions via enamine mechanism. The first report 
of the catalytic capability of L-proline is back in the 1971, when two industrial research 
groups (Zoltan Hajos and David Parrish, the first, and Rudolf Wiechert, Gerhard Sauer 
and Ulrich Eder, the second) discovered, independently, that L-proline was able to 
catalyse the asymmetric intramolecular aldol reaction of a triketone.[119-121] Since then 
this reaction is known as the Hajosh-Parrish-Eder-Sauer-Wiechert reaction.[122] 
Unfortunately this approach was not investigated further at that time, probably because 
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it was thought to have limited applicability, and therefore it rested covered with dust for 
thirty years until Benjamin List, in 2000, brought it back to light. He investigated the 
capability of various amino acids in catalysing the cross-aldol reaction with mechanism 
similar to the one of the Aldolase type I, and reported that L-proline was able to catalyse 
asymmetric inter-molecular aldol reaction between acetone and benzaldehyde with an 
enantioselectivity up to 96%.[123] 
The fact that proline is a secondary cyclic amino acid makes it very singular in the 
panorama of the small organic molecules with catalytic properties, since it has a low 
degree of conformational flexibility, especially if derivatised with hindered substituents, 
and it is able to form the enamine (118) in a much easier way than the primary 
aminoacids, since it cannot form the immine (119). 
 
All these reasons make proline a very successful catalyst for all the enamine-
catalysed reactions (Aldol, Mannich, Michael and their variations). In addition, proline 
was the best catalyst even when considering other secondary cyclic α-amino acids, with 
smaller (azetidine carboxylic acid (120), 4-membered ring) and larger (pipecolic acid 
(121), 6-membered) cycles. Comparing the results obtained by catalysing the aldol 
reaction between 4-nitrobenzaldehyde and acetone with DMSO/Acetone (4:1) as 
solvent, the 4-membered ring showed yield of 55% and 40% ee whilst the proline 
reached 68% yield and 76% ee, and, surprisingly, the pipecolic acid resulted in less than 
10% yield and no % ee.[123] The last result seems to be unexpected, but considering the 
chemistry of the enamines it was in part predictable since the reactivity of the 
piperidines with the carbonyl compound, to form the correspondent enamines is much 
lower than the one of the pyrrolidines.[124] Moreover the enamines derived from the 
pyrrolidines are more nucleophilic and therefore more reactive.[125] 
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Almost simultaneously with List, MacMillan published an article reporting the first 
enantioselective organocatalytic Diels-Alder reaction using an imminium catalyst like 
(122).[126] The strategy is based on the activation of a dienophile, such an α,β-
unsaturated aldehye (123), via formation of an imminium ion (124) with a chiral amine 
catalyst (122). The resulting activated species is then able of reacting with a diene (125) 
to give, after hydrolysis, an enantioenriched cycloaddition product (126). 
 
Scheme 17: The catalytic cycle of an imminium-catalysed Diels-Alder reaction using the MacMillan 
(127) or a generic MacMillan type such as (122). 
Since the germinal works of List and MacMillan the field of organocatalysis has 
grown up fast, generating a plethora of catalysts, mostly proline-based, with the aim of 
improving the features of their parent molecules and overcoming major drawbacks 
associated with its use in practical applications.  
In view of the fact that the aldol reaction is not the only one that can be catalysed via 
enamine formation, proline and proline-derivatives started to be used in almost all the 
reactions involving enamines (e.g. Michael and Mannich reactions) with some excellent 
results. Recently they have started to be used in domino reactions for the synthesis of 
complex cyclic structures. The most extraordinary result, so far, is the synthesis of a 
tetrasubstituded cyclohexene carbaldehydes (128), which involved the generation of 4 
new stereocentres with a domino sequence of Michael-Michael-aldol reaction catalysed 
by a trimethylsilyl (TMS) protected diphenylprolinol (129) and starting from a linear 
alkyl aldehyde (130), a nitroalkene (131) and an α-β-unsaturated aldehyde (132).[127] 
This product was obtained with a diastereomeric ratio (d.r.) of 3.5:1 and an ee >99%.  
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Scheme 18: Synthesis involving a domino sequence of Michael-Michael-aldol reactions to generate the 
tetrasubstituted cyclohexene carbaldehyde (128).[128] 
The 5-membered ring structure of proline and the presence of a proximal carboxylic 
group make this two-centre catalyst very unique, justifying the large literature on 
proline derivatives and proline-inspired catalysts available. As more researchers start 
working in this field, a number of new catalysts not related to the proline structure have 
been developed, taking inspiration from the axial chirality of the molecule. Maruoka 
and co-workers developed a class of atropoisomeric catalyst featuring two naphtyl 
groups bridged together by a seven-membered ring containing a secondary amine (133). 
The activity of the catalyst was fine-tuned introducing electrowithdrawing groups on 
one of the aromatic rings. One of these catalysts (133a) has been successfully employed 
to catalyse the aldol reaction between acetone and aldehydes,[129] and another (133b) to 
catalyse the first highly stereoselective amino-catalysed anti-diastereoselective Mannich 
reaction.[130]  
 
This and other results showed that the field of organocatalysis is becoming a valid 
alternative synthetic approach in the synthesis of complex structures involving creation 
of multiple stereocentres and high level of regiocontrol, although its applicability is still 
too limited. A great advantage of organocatalysts is that they do not make use of metals, 
which are often a problem in the industrial processes because they imply additional 
steps in the purification of the final product, especially if this is the active ingredient of 
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a drug; in addition, they are stable in air and water, often available from biological 
material, often in both enantiomers, simple to use and non toxic.[118] 
Although proline, proline-derivatives and other organocatalysts revealed amazing 
catalytic properties in the stereocontrol of the aldol reaction, they do not show always 
the same level of control in the regioselectivity. This remains an issue that has to be 
addressed together with the limited solubility of some of these molecules and the high 
loading of catalyst needed to avoid low turnovers. 
 
1.3.3.3 ALDOLASES ENZYMES 
The aldolase is a family of about 30 enzymes, evolved to catalyse the anabolism and 
catabolism of highly oxygenated metabolites using either the aldol or retro-aldol 
synthetic scheme. They are involved in the biosynthesis of carbohydrates, keto acids 
and some amino acids and are divided in two classes, type I and II, depending on which 
mechanism they use to catalyse the aldol reaction. 
The aldolase type I enzyme is able to catalyse the reaction activating the donor carbonyl 
(134) via formation of a Schiff’s base (136) by mean of a Lys residue (135). The 
immine (136a) formed is then converted, by a concerted activity of a residue of Asp and 
another Lys, in an enamine (136b) which attacks the acceptor carbonyl (137), being 
essentially a masked carbanion. The resulting intermediate (138) is then hydrolysed 
releasing the product (139) and the free Lys.[131] Scheme 19 illustrates the mechanism of 
the D-2-deoxyribose-5-phosphate aldolase (DERA), which catalyses the cross-aldol 
reaction between acetaldehyde (134) and D-glyceraldehyde-3-phosphate (137) to 
generate D-2-deoxyribose-5-phosphate (139).  
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Scheme 19: The scheme illustrates the synthesis of the D-2-deoxyribose-5-phosphate (139) catalysed by 
DERA enzyme.[131] 
The aldolase type II enzymes are metalloenzymes with a catalytic centre based on a 
complex where 3 residues of His coordinate a Zn2+ (140), which is then able to chelate 
an appropriate donor carbonyl, such as DHAP (di-hydroxy-acetone-phosphate) (141), 
allowing a residue of Glu to abstract a proton from it, generating therefore the 
corresponding enolate (142) that is stabilised from the zinc by an even stronger 
chelation. The enolate then attacks the D-glyceraldehyde (143), which has been 
previously activated by a hydrogen bond interaction with a Tyr residue, leading to an 
open chain ketoesose (144). The polyhydroxylated skeleton undergoes a further reaction 
due to the nucleophilic attack of the hydroxy-terminal residue of the former D-
glyceraldehyde (137) toward the newly formed carbonyl group, still coordinated to zinc, 
generating the cycle of fuculose-1-phosphate (145). Scheme 20 illustrates the 
mechanism of the FucA (Fuculose Aldolase) which catalyses the cross-aldol reaction 
between DHAP (141) and L-glyceraldehyde (143) to generate L-fuculose-1-phosphate 
(145). [132, 133] 
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Scheme 20: The scheme illustrates the synthesis of the L-fuculose-1-phosphate (145) catalysed by 
FucA enzyme. [133] 
All the different approaches so far described have been used to address specific 
needs and possess both advantages and disadvantages. For these reasons, therefore, it 
appears clear that a new approach, characterised by a flexible design of a catalyst able 
to be adapted to various situations, looks very promising, although such a catalyst 
involves a step-wise development ranging from the simple stereocontrol governing the 
generation of a new chiral centre, to prove the goodness of the concept, up to more 
complicate regiocontrol, capable of dealing with the multiple aspects of aldol reactions 
involving complex chiral substrates. 
  
CHAPTER II 
RESULTS AND DISCUSSION 
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2 CHAPTER II: RESULTS AND DISCUSSION 
 
2.1  SYNTHESIS 
2.1.0 INTRODUCTION 
As evident from Chapter I, molecular imprinting is an attractive approach for the 
creation of artificial binding sites in polymer matrices with specific recognition 
characteristics. In the last few years it has been widely used for analytical applications 
in a variety of ways, such as purifications, metabolites analysis, sensing and others.[134-
144]
 The imprinting approach has also been exploited for the preparation of new 
catalysts, by using the appropriate template to generate polymers containing active sites 
with enzyme functional mimicry.  
Numerous examples of imprinted polymers able to catalyse different chemical 
reactions are available in the literature, however, with the exception of a few cases, the 
catalytic activity and the imprinting efficiency reported are modest. In addition, the 
majority of available data on catalytic molecular imprinting was obtained using ‘bulk’ 
polymers, which are highly cross-linked insoluble materials, characterised by a low 
degree of flexibility. It is particularly important to consider the rigidity of the cross-
linked structures because it can affect the interactions with the template and the 
transport properties and therefore the turnover of the catalytic polymer. 
Microgels are an attractive material for the development of new molecular imprinted 
catalysts. When the polymers are highly cross-linked, their particular characteristics, 
such as the good solubility, pH and temperature stability, and increased matrix 
flexibility can lead to increased efficiency and higher rate enhancements.  
Based on the experience previously developed within the group by working with 
hydrolytic microgel, it was decided to take a step forward in a more challenging project, 
involving the development of a new molecular imprinted system able to catalyse the 
cross-aldol addition, a reaction where a new C-C bond is formed and that is more 
demanding in term of energy. Previous work, carried out as part of a collaborative 
project with Prof. Gouverneur’s group (Oxford University) on the characterisation of 
the catalytic activity of aldolase antibodies provided the expertise and knowledge to 
start this project.[23, 24] 
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As was seen in section 1.2 of Chapter I, literature data on imprinted catalysts for C-
C bond forming reaction describes mostly systems that contain metal complexes; the 
only example of a MIP catalyst with aldol condensation capabilities is an aldolase type 
II mimic, which makes use of a cobalt complex as a catalytic centre in a imprinted 
“bulk” polymer.[30, 31] Both reports approach the aldol condensation with the same 
system but different templates; in any case they showed small rate enhancements and 
low imprinting efficiencies. 
In light of all these reasons, the generation of polymers, possessing an enzyme 
functional mimicry of aldolase type I, incorporated in microgel/nanogel particles 
format, would have the benefit of small particle size whose main advantage would 
reside in their organic nature and in the solubility and flexibility of their matrices. The 
increased solubility would allow creation of homogeneous solutions of the catalyst in 
organic solvents and the organic nature of these polymers would offer the advantage of 
extending the stability of the catalyst over a large range of pH and temperatures, it 
would allow the use in reactors making easier the separation of the product and the 
recovery of the catalyst (i.e. by dialysis). In addition, the use of the imprinting technique 
would allow tailored design of the cavities in order to eventually control the 
regioselectivity and the substrate specificity of the reactions. 
 
2.1.1 PROJECT RATIONALE 
The aim of this project is the development of new catalysts for the cross-aldol 
reaction by using (i) the imprinting approach on nanogels and (ii) a functional 
strategically designed monomer to mimic the enamine-based mechanism typical of the 
aldolase type I enzyme. The three key features of the project are: 
 The design of a functional monomer and template that can form a stable 
complex mimicking the intermediate of the cross-aldol reaction. 
 The use of the reversible covalent approach for the interaction between the 
template and the functional monomer to ensure optimal binding during the 
polymerisation.  
 The application of the molecular imprinting technique to microgels and 
nanogels.  
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Aldolase type I enzymes catalyse the cross-aldol reaction via an enamine 
intermediate and a similar mechanism has been found to operate with proline. Therefore 
in the context of the previous work it was decided to use a polymerisable proline 
derivative as a functional monomer and a template containing the 1,3 diketone moiety. 
The reaction of the proline side chain with the template leads to the formation of the 
corresponding enaminone that is expected to successfully mimic the intermediate of the 
cross-aldol reaction. 
 
2.1.2 ENAMINE-BASED MECHANISM 
The generation of the active enamine is considered to be the key step in the aldolase 
type I mechanism.[131] In general, an amine can attack a carbonyl compound and 
generate a carbinolamine (146), which subsequently dehydrates leading to an imminium 
ion (147) (Scheme 21). 
Scheme 21: Generation of the imminium ion (147) as a result of a nucleophile attack of an amine to a 
carbonyl compound with formation of a carbinolamine (146) and further dehydration. 
In the case of primary amines (R = H), the destiny of the imminium (147) is strictly 
dependent upon the conditions in which the reaction is performed. The presence of a 
base, able to remove the proton from the nitrogen, converts the instable imminium ion 
in the more stable immine (148), which cannot further react in the aldol reaction the 
removal of a proton from a carbon, in β-position with respect to the nitrogen, converts 
the imminium ion into its enamine tautomer (149), which can then act as a nucleophile 
in the aldol reaction (Scheme 22). 
 
Scheme 22: Deprotonation of the imminium ion (147A) afford to the immine (148) next tautomerised 
into enamine (149). 
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On the other hand, the iminium derived from a secondary amine (147B) can loose a 
proton only from the β-carbon, being converted directly into an active enamine 
tautomer (150) (Scheme 23). 
 
Scheme 23: The iminium derived from a secondary amine is converted directly into an enamine (150). 
The enamine reacts with an aldehyde to give the corresponding aldol product (152). 
For these reasons, primary amines can be used effectively in enamine catalysis only 
if the iminium-enamine tautomerisation can be favoured. As it was seen earlier in 
section 1.3.3.3, both the natural aldolase type I enzyme and its related catalytic 
antibodies owe their activity to the ε-amino group of a Lys residue in the catalytic site, 
that forms an immine, further tautomerised in the enamine. Often in enzymes the pKa of 
the catalytic residue is strictly dependent on the environment (substituents linked to the 
residue and others amino acids in close proximity) and this can crucially affect the 
mechanistic pathway, favouring or disfavouring the energy profile of the reaction.[11, 145] 
A number of attempts of using primary amines as catalysts in aldol reactions have been 
reported in literature.[146] All these works showed that a very efficient catalyst could not 
be obtained without an external source of protons that plays a dual role by activating the 
acceptor carbonyl while helping to release the product. Also specific mechanistic 
studies carried out on aldolase enzymes and antibodies showed that there are two 
residues with two different pKa. This kind of setting can only be obtained in protein 
active pockets. 
On the other hand, for bi-functional molecules such as primary α-amino acids, it 
seems that the close proximity of an amino and a carboxylic groups, or a bioisosteric 
equivalents, is essential for a good activity in the aldol reaction. In particular, secondary 
amino acids are privileged from the point of view of the enamine catalysis because their 
imminium ion cannot undergo any further deprotonation at the nitrogen. For this reason, 
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the only possible stabilisation occurs by abstraction of a proton from a β-carbon to give 
the corresponding enamine (150) (Scheme 23). In both cases, the enamine reacts further 
with the acceptor carbonyl to give the correspondent aldol-imminium intermediate 
(151), which leads to the aldol (152) and the free catalyst by hydrolysis of the 
imminium bond. Following all these considerations, a polymerisable derivative of the 
secondary cyclic amino acid proline was elected to be the catalytically active residue in 
the imprinted polymer. 
 
2.1.3 TEMPLATE  
The template molecule has a three-dimensional shape around which the cavity of an 
imprinted polymer is moulded. Its design, especially when aiming to develop catalysts, 
has to take into account a number of important factors: (i) the structural similarity 
between the template and the reaction intermediate or the transition state; (ii) the 
chemical stability of the template in the polymerisation conditions; (iii) the capability of 
forming a stable complex with the functional monomer; (iv) the possibility of easily 
removing the template from the polymer. The first two factors are important 
prerequisites for a successful imprinting strategy but the third one can be defined as 
crucial. The chemical structure of the template needs to closely resemble the 
intermediate of the reaction and therefore in some ways also the product. On the other 
hand if the similarity between the template and the product is too high, the phenomenon 
of product inhibition will take over and control the turnover of the catalyst. 
The stability of the complex, between the template and the functional monomer, is 
accountable for the percentage of incorporation of the catalytic moiety in the polymer as 
well as the disposition of the functional groups in the right geometry inside the cavity 
and therefore it greatly affects the efficiency of the final imprinted matrix. The last point 
is also very important since the bond between template and functional group should be 
easily reversible in order to remove all the templates and leave the cavities free to 
rebind the substrate. 
 
 
 
Chapter II: Results and Discussion - Synthesis 
 
 
74
2.1.3.1 APPROACHES TO THE TEMPLATE-MONOMER COMPLEX 
 The imprinting complex can be obtained using different approaches whose 
advantages depend strictly upon the chemical features of the structures involved in 
reaction. These can be classified generally in (i) non covalent, (ii) stoichiometric non 
covalent, (iii) covalent and (iv) semi-covalent.[4]  
The first is the most widely used to create MIPs and it is based mainly on H-
bonding, ion pairing or dipole-dipole interactions between monomer and template, 
which are the same occurring during the rebinding. The advantage of this technique lies 
in its simplicity since there is no need to create a pre-polymerisation complex between a 
specific monomer and the template. The major drawback is the limited control on the 
self-assembly of the functional monomers around the template which can lead to 
different spatial organisations, generating a great number of cavities with very different 
binding capabilities. 
 
Scheme 24: Example of non covalent imprinting of a dipeptide derivative (153) with multiple non 
covalent interactions with methacrylic acid.[147] 
Recent advances on the use of molecular modelling techniques in the early stages of 
an imprinting strategy, i.e. from Karim et al.[148-150], have allowed a tailored selection of 
monomers based on the structure of the template. This was achieved by creating a large 
database of monomers and studying the best conditions giving maximum interactions 
and the lowest number of self-assembly modes. 
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The second approach, the stoichiometric non covalent, involves the generation of a 
1:1 complex between the functional monomer and the template molecule exploiting 
strong electrostatic interactions due to high affinity between complementary groups. 
Generally, in order to have a successful interaction, the affinity constant, Ka , has to be ≥ 
103 M-1. Wulff successfully developed and applied this approach, for instance, by using 
the functional monomer (65) to bind the phosphate template (154) as a transition state 
analogue (TSA), used to generate an imprinted polymer capable of hydrolysing 
carbonate substrates (66) (Scheme 25).[151] This approach is very useful but not always 
applicable due to the need of two groups with a very strong affinity for each other. 
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Scheme 25: Example of stoichiometric non covalent imprinting exploiting the strong affinity between 
the functional monomer (65) and the phosphate template (154).[151] 
The third method exploits the covalent interactions between a functional monomer 
and the template to generate a new stable bond, which has to withstand the 
polymerisation process but has to be easily cleaved afterward, to free the binding sites. 
The main advantages in using this method lie in the stability of the complex, which is 
given by the strength of the new bond, and the level of control that can be achieved over 
the shape of the cavity. The main disadvantages are the time required to identify the 
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experimental conditions leading to quantitative conversion of the complex and the 
limited number of functional groups that can be used to generate such a complex. In 
fact, the templates are, so far, restricted to alcohols, diols, amines, carboxylic acids, 
aldehydes and ketones. Another drawback is the generally slow rates of target rebinding 
showed by these polymers because the molecular recognition takes place via covalent 
interaction. 
 
Scheme 26: Example of covalent imprinting exploiting the condensation between two units of 
vinylboronic acids and a sugar template. The corresponding sugar-boronate (155) is polymerised with 
a cross-linker, after which the template is removed leaving free the active site containing the boronic 
acid units.[152] 
The fourth approach was introduced to overcome the problem of rebinding the target 
using covalent interactions. This is called semi-covalent because it makes use of 
covalent interactions to generate the polymerisable complex but, once removed the 
template, the functional residues rebind the target using non covalent interactions. In 
this way there are no kinetic restrictions except for the diffusion process. This technique 
can be carried out either by binding together the template and monomer directly or by 
using a spacer group. In particular cases a sacrificial spacer, such as the carbonyl of the 
carbonate/carbamate, can be used, which is removed during the cleavage of the template 
leaving a free hydroxy or amino function.[153] 
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Scheme 27: Example of semi-covalent imprinting with carbonate moiety as sacrificial spacer. A 
cholesterol unit was covalently bound to 4-vinylphenol via carbonate linkage to generate the 
imprinting complex (156). After polymerisation, the hydrolysis of the carbonate removed the 
cholesterol leaving the free cavity containing a phenol moiety capable of rebinding the cholesterol unit 
with non covalent interactions.[154] 
Data presented in the literature appear to confirm the initial view that formation of a 
tight complex between the template and functional monomer is essential for the 
synthesis of imprinted cavities with good selectivity. The fact that the selected target 
reaction for this project is the formation of a C-C bond, in our view, strengthens the 
choice of a covalent approach as being one of the best opportunities to obtain a new 
catalyst. 
 
2.1.3.2  CHOICE OF THE TEMPLATE 
In the context of this project the structure of the template needs to have a functional 
group suitable to react with the amine of the catalytic moiety to generate a covalent 
bond, which must be completely reversible to ensure the full release of the template 
from the imprinted cavities.  
The product of the reaction, the β-hydroxyketone (152), possesses this structural 
feature but the use of the substrates or the products of a reaction to imprint the cavities 
of catalytic polymers is generally to be avoided. In literature there are very few 
particular examples where this common rule is broken. One of them, earlier described in 
section 1.2, reported the synthesis of a peroxidase-like imprinted polymer using a 
haemin as catalytic centre to perform the dimerisation of the homo-vanillic acid 
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(HVA).[32] In this report the substrate could be used as template because of the 
particular features of the haemin catalytic centre. In fact the imprinting was carried out 
using the multiple-site interaction of the haemin catalyst and other functional monomers 
in a non covalent approach. In any case, this is more an exception than a general rule 
and therefore, although the β-hydroxyketone possesses characteristics suitable to 
generate a covalent complex, its use as a template was discarded for three reasons. 
First of all, by imprinting with the product of the reaction, the cavities in the 
polymer would be expected to have very high affinity for the product, therefore 
seriously impeding the turnover. Secondly, if the β-hydroxyketone was to be used, two 
different enamines could be formed, the internal (157) and the external (158). 
Unfortunately the latter one, expected to be the more stable,[124] would not lead to the 
desired complex and would prevent successful imprinting (Scheme 28). 
 
Scheme 28: The reaction between proline and the β-hydroxy-ketone (152) can generate two different 
enamines, the internal (157) and the external (158). 
Last, the enamine formed between the β-hydroxyketone and the functional monomer 
is not expected to be very stable as would be very easily hydrolysed.  
Taking into account the structure of the product, the β-hydroxyketone (152), it was 
decided to choose as template the corresponding 1,3-diketone (159) (Scheme 29). 
 
Scheme 29: Oxidation of a β-hydroxyketone (152) leads to a 1,3-diketone (159) which can be 
considered as a structural analogue with an higher oxidation state. 
Structures containing a 1,3-dicarbonyl group (also termed α,γ-dicarbonyl group) 
show particular characteristics due to the symmetrical conjugation between the two 
oxygens of the keto-enol tautomers, which ensures them a great stability (Scheme 30).  
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Scheme 30: Di-ketone (159a) and its keto-enol tautomers (159b and 159c). 
They can, for instance, delocalise a negative charge becoming even a very good 
bidentate ligand (known as acetylacetonate or acac), or allowing an extended 
conjugation, if a heteroatom substitutes one of the oxygens. 
In the case of a reaction occurring between a secondary amine and a β-dicarbonyl 
compound, such as the 2,4-pentadione (or acetylacetone) (160), the resulting species, an 
enaminone (enamine + ketone) (161), shows an extended conjugation from the 
nitrogen to the carbonyl (Scheme 31). This stabilises greatly the structure although the 
previous symmetry is lost. 
 
Scheme 31: The reaction of a secondary amine with a 1,3-diketone (160) generates an enaminone 
(161). 
The extended conjugation is particularly important because, opposite to what 
happens with a simple enamine, that is extremely unstable towards hydrolysis, the 
enaminone is more stabilised by resonance structures. For this reason, in the case an 
imprinting complex is based on a similar structure, this ensures that it is strong enough 
to withstand the polymerisation conditions but it is sufficiently labile to be easily 
removed by hydrolysis afterwards. 
This new species (161) possess an active cromophore, the enaminone moiety, which 
shows a wavelength of maximum absorbance different from the one of the keto-enol 
tautomer of the β-di-carbonyl compound (160), and therefore it can be used to 
determine changes in the equilibrium. A solution of 2,4-pentadione (160) has a 
maximum absorbance peak at 275nm (depending on the solvent), because the keto-enol 
tautomer (160b) is stabilised by an internal hydrogen bonding forming a stable 6-
membered ring (Scheme 29 and Figure 15, curve A). 
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When 2,4-pentadione (160) is reacted with a secondary amine, such as proline, a 
change in the spectra is observed with formation of a new peak at 318nm, which is due 
to the generation of the corresponding enaminone (Figure 15, curve B). If the difference 
in λmax is bigger enough to describe two discrete peaks, one for the diketone and one for 
the enaminone, then the absorbance of the enaminone can be taken as an estimate of the 
progress of the reaction. This feature of the enaminone offers a powerful instrument to 
evaluate the stability of the complex between the chosen catalyst and the template 
candidate and to determine the best condition in which 100% conversion of the 1,3-
diketone in template-monomer complex could be obtained. To focus the attention on the 
covalent bond of the enaminone complex, avoiding other interferences, a model reaction 
between 2,4-pentadione and proline was studied with the assumption that all the 
findings could have been applied to the real imprinting complex. 
All things considered, the template containing the 1,3-diketone moiety seems to 
satisfy the ideal features among the ones considered to be important for a successful 
project. 
 
2.1.4 IMPRINTING STRATEGY 
The requirements for an efficient catalyst have to satisfy the requisites of a strong 
binding to the transition state (or some intermediate) and a weak binding to the ground 
state. The use of the 1,3-diketone (159) as a template grants a shape of the cavity 
sufficiently similar to the β-hydroxy-ketone (152), and therefore it is able to promote 
the catalytic activity (strong binding to the intermediate), but at the same time, the 
structural difference with the product, due to the imminium group conjugated with the 
enol double bond in the enaminone (161b), avoids an irreversible product binding, 
allowing an easy release of the product once formed (weak binding to the ground 
state.[155] 
The proline-catalysed aldol reaction between an aldehyde and a ketone proceeds 
with a two steps mechanism, which involves the activation of the donor ketone via 
enamine (118) formation and subsequent attack to the acceptor aldehyde leading to an 
iminium intermediate (162) whose hydrolysis release the desired β-hydroxyketone 
(152) (Scheme 32). The imprinting strategy has to exploit the analogy between the 
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iminium intermediate of the reaction (162) and the iminium formed between the catalyst 
and the diketone (163b). 
 
Scheme 32: Analogy between the enaminone (163b) and the intermediate of the cross-aldol reaction 
(162). 
The presence of the conjugated double bond in the template (159b) stabilises the 
enaminone (163a) by delocalisation of the nitrogen lone pair, which gives the tautomer 
(163b), making the compound more stable toward the hydrolysis, yet sufficiently labile 
to be hydrolysed in slightly acidic conditions after polymerisation. 
This approach recalls in someway the strategy used by Barbas III and co-workers[48] 
who reported the use of a 1,3-diketone as hapten to trap the essential ε-aminoacid group 
of Lys in the catalytic pocket of antibodies 38C2 and 33F12, inducing them to catalyse 
the cross-aldol reaction. The difference between these two approaches resides in the 
intermediate formed. The antibodies work is based on the formation of a vinylogous 
amide (Scheme 16) characterised by a hydrogen bond between the Lys hydrogen and the 
carbonyl further away, whilst with proline-derivatives the hydrogen bond cannot be 
formed in the same way, because of the lack of an exta hydrogen on the nitrogen. In this 
case the hydrogen bond might be formed between the carbonyl of the diketone and the 
proton of the carboxylic group or a bio-isoster thereof. 
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Scheme 33: Difference in the hydrogen bonding stabilization in the vinylogous amide from Aldolase 
antibodies and in the enaminone. 
Having assessed the suitability of using a 1,3-diketone (159) as a template and a 
proline derivative as functional monomer, the next step focussed on studying the 
enaminone formation, to evaluate (i) the best experimental conditions leading to high 
chemical yield and (ii) stability of the formed enaminone. In order to do this 
successfully a model enaminone system was used. 
 
2.1.5 STUDY OF THE MODEL ENAMINONE FORMATION 
One of the key steps for a successful imprinting is the efficient interaction between 
the functional monomer and the template. The interaction has to be strong enough to 
survive the polymerisation stage but at the same time it has to be easily cleavable to 
allow complete removal of the template from the imprinted polymer. The choice to use 
the reversible covalent approach in this project allows formation of a template-monomer 
complex that is generally very strong and stable, but that can be easily reversed to leave 
the template-free cavity. A series of experiments were carried out to evaluate the best 
experimental conditions for the enaminone formation and the corresponding hydrolysis. 
The stability of the imprinting complex was monitored by UV spectroscopy using the 
reaction between 2,4-pentadione (160) and proline as a model (Scheme 34). 
 
Scheme 34: Reaction between proline and 2,4-pentadione (160) to generate the corresponding  
enaminone in two resonance structures (164a and 164b). 
Chapter II: Results and Discussion - Synthesis 
 
 
83
This reaction was performed in different solvents (since the value of λ max changes 
with the solvent used) and concentrations, to optimise the separation between the peak 
of the diketone (160) and the one of the enaminone (164). Due to the low solubility of 
proline, DMSO and DMF were the only two solvents that could be used for the 
analysis. 
Figure 13 shows the progress of the reaction between proline and 2,4-pentadione 
(160) in DMSO monitored over a period of 62h, obtained acquiring a scan every hour 
and overlaying them in order to make appear clear the change in absorbance and 
maximum wavelength. 
 
Figure 13: UV-Vis progressive monitoring of a reaction carried out using an equimolar amount of 
proline and 2,4-pentadione over a period of 3 days in DMSO with a scan taken every hour. 
Although proline is more soluble in DMSO than DMF, the λ max of the 
corresponding enaminone (164), at 306nm, is too close to the one of the diketone (160) 
(278nm) (Figure 13), preventing a quantitative evaluation of the enaminone formation.  
 The experiment was then repeated using DMF and the progress reaction was 
monitored in the same way. The result of this experiment is shown in Figure 14. 
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Figure 14: UV-Vis progressive monitoring of a reaction carried out using an equimolar amount of 
proline and 2,4-pentadione over a period of 3 days in DMF with a scan taken every hour. 
In the case of DMF the enaminone peak has a λmax at 312nm, with the presence of a 
clear isosbestic point that can be used to discriminate the two species, since it represents 
a wavelength at which they have the same molar absorptivity, and therefore the same 
concentration. This point defines two regions of the spectrum where one of the species 
is dominant over the other. At wavelengths lower than the isosbestic point, the diketone 
prevails whilst at higher wavelengths the enaminone is predominant. It was then 
decided to use the DMF to study the reaction, which was monitored by UV-Vis with 
regular scans over a period of 3 days and it reached equilibrium after about 48h, 
although conversion of the diketone was not complete, as shown by the residual 
absorption at around λ=275nm in the UV-Vis spectrum (Figure 14).  
Figure 15 shows the UV-Vis traces of the 2,4-pentadione (160) in DMF (curve A) 
and the product of the reaction after almost 3 days (curve B). In order to establish the 
reversibility of the reaction, a few drops of diluted hydrochloric acid (0.1M) were added 
to the enaminone reaction solution. The UV-Vis spectrum of the resulting solution 
showed a complete hydrolysis of the enaminone (Figure 15, curve C), as evinced by the 
disappearance of the enaminone peak at 312nm. 
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Figure 15: Black Curve: 2,4-pentadione (A); Purple Curve: enaminone (B); Red Curve: hydrolysis 
product (C). 
Further experiments demonstrated that it is possible to hydrolyse the enaminone 
using just water, if the reaction is carried out for a longer period of time. Given that the 
microgels synthesis requires the polymerisation solutions to be dialysed for 4 days to 
remove the unreacted components and the organic solvent, no acid was in fact used to 
remove the template. 
Moreover, to investigate the existence of a linear dependence between the 
equivalents of proline and the absorbance of enaminone the reaction was monitored for 
16 days starting with a ratio of diketone/proline = 5/1 and increasing progressively the 
equivalents of proline every 48h until a 1:1 solution was obtained. When the mixture 
reached the equilibrium 3extra equivalents were added to ensure complete saturation. 
This experiment showed that there was a linear correspondence between the equivalents 
of proline and the absorbance of enaminone, meaning that the equilibrium could be 
possibly driven to completion by removing the water from the reaction medium.  
After establishing the experimental conditions in which the enaminone was stable 
and could be hydrolysed, a template was designed as a result of the structural analogy 
with the product of the chosen cross-aldol reaction. 
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2.1.6 DESIGN AND SYNTHESIS OF THE CATALYTIC MONOMER 
The next step involved the synthesis of a proline-based functional monomer to be 
used in the generation of the imprinting complex. For this purpose the design of the 
functional monomer used in this project had to take into account not only the intrinsic 
effectiveness of the chosen catalyst toward the direct aldol reaction, but even its 
feasibility in being incorporated in a polymeric matrix, and mainly its capability in 
forming a covalent complex with the template molecule. The decision of using a 
proline-derivative as a functional monomer involved the study of the related literature, 
which reported various examples of proline functionalised either at the carbonyl or by 
inserting a side-chain in position 4, when starting from 4-hydroxyproline  (Figure 
16).[156] 
 
Figure 16: The figure shows the position more often involved in proline derivatisation. 
The derivatisation of 4-hydroxyproline, by functionalisation of its C(4)-hydroxy 
group, can lead to compounds characterised by a catalytic activity very similar to the 
one of proline but with different physical properties. On the other hand, if the 
derivatisation takes place on the carboxylic moiety, then it is important to replace the 
carboxylic moiety of the amino acid group with an isostere, that is a group which 
possesses similar physical properties but different chemical structure, or an acidic 
additive in order to keep an activity comparable with the parent structure. In both cases 
the secondary amino group, which is responsible for the enamine formation, has to 
remain unaltered and the new moiety had to have a polymerisable group.  
It was decided to prepare the polymers in the microgel format using a high dilution 
radical polymerisation. The protocol involved the use of functional monomers 
containing double bonds, which implied some restrictions throughout the design and 
synthesis of all the functional monomers evaluated. Nonetheless, the decision of using 
this type of polymerisation, instead of others, was taken as a consequence of the long 
and well established know-how developed with this methodology by the research group 
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where this project was carried out.[157-160] In particular, this procedure has been 
previously optimised to achieve small particle size in the order of the microscale and the 
strategy could be further improved to reach even smaller particle size. [26, 27] 
Unfortunately, the synthetic protocols described in the literature for the synthesis of 
proline derivatives were not generally applicable directly to the desired compounds 
bearing double bonds, but instead they had to be modified in order to be used avoiding 
the risk of polymerisation. These limitations required the use of temperatures not higher 
than 40˚C, working, when possible, under inert atmosphere, and the avoidance of acidic 
media and hydrogenation. Additional limitations were posed by the choice of protecting 
groups used to preserve the amino functionality of the proline from side reactions. A 
number of polymerisable units have been considered before deciding to use a styrene 
moiety, with the aim of choosing the more suitable without compromising the overall 
stability of the monomer structure, particularly during the synthetic protocol and the 
further steps of the imprinting process. 
The most common and commercially available protecting groups in the chemistry of 
the amino acids are the Cbz (carbobenzyloxy), the Boc (t-butoxycarbonyl) and the 
Fmoc (((9H-fluoren-9-yl)methoxy)carbonyl) groups (Figure 17).  
 
Figure 17: Common protected L-prolines. Carbobenzyloxy-proline (165), t-butoxycarbonyl-proline 
(166) and fluorenyl-methoxycarbonyl-proline (167). 
All of them present advantages and drawbacks. The Cbz is stable in both basic and 
acidic conditions but it requires hydrogenation to be removed, which is not compatible 
with the double bond. The t-Boc is stable in basic conditions but it needs strong acids, 
typically 50% TFA in DCM, to be cleaved, and this could ignite a cationic 
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polymerisation of the double bond and therefore it could be used only by taking care of 
preventing that risk. The Fmoc is stable in acidic conditions and it necessitates of a base 
to be removed, therefore this looked as a suitable candidate, although the use of bases 
during the reactions should be avoided. After a few attempts made with the Boc-proline, 
which initially appeared to give better yields in the coupling, it was decided to design a 
polymerisable proline derivative using a Fmoc-proline as a building block, due to the 
problem related with the use of TFA during the Boc cleavage. Although the choice of 
the structures was carefully taken into account, the first two molecules synthesised 
(Scheme 36, 172, 173) did not have unfortunately the desired activity, which was 
achieved only with the third one, later became the functional monomer finally used in 
the polymers. 
For the synthesis of the functional monomer attention 
was focussed on the prolinamide structural motif, instead of 
proline itself. This was due to recent work in literature 
describing the possibilities of using prolinamides, as 
effectives catalyst for the cross-aldol reactions, eventually in 
conjunction with an external source of protons such as 
trifluoroacetic, acetic or formic acids.[161-163] In view of the fact that it would be possible 
to add acrylic or methacrylic acids as co-monomer while making the polymers, it was 
decided to synthesise polymerisable prolinamides. This decision was in part due to fact 
that the proline derivatives, bearing an acidic group, are poorly soluble in most organic 
solvents. For this reason, the use of the corresponding prolinamides would have made 
the lab work easier if compared with the proline.  
In the previous project on to the development of hydrolytic microgels, the acryloyl 
moiety was coupled with the functional amino acids via amide bond.[26, 27] That is why 
it was decided to try to make a polymerisable proline derivative using the same 
approach but starting from the 4-hydroxy-proline (Scheme 35).  
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Scheme 35: Synthesis of the 4-propionyl—prolinamide trifluoroacetate salt (172). 
The catalyst was designed with the intent of converting the carboxylic acid in amide 
followed by coupling of the acryloyl group with the hydroxyl group of the proline 
(169), but a monomer analogue was synthesised before in order to test the catalytic 
activity. The N-Boc-4-OH-proline methyl ester (168) was chosen as a starting material, 
which was quantitatively converted in the desired N-Boc-4-OH-prolinamide (169) using 
an aqueous solution of ammonia.[164] This was allowed to react with propionyl chloride 
(171), instead of the acryloyl chloride, to give the corresponding Boc-ester (172) that 
was further deprotected with 50%TFA in DCM to afford the corresponding prolinamide 
as trifluoroacetate salt (173) (99% yield). The catalytic activity of the 4-O-propionyl-
prolinamide trifluoroacetate salt (173), as well as other saturated analogues of monomer 
candidates, was determined using saturated analogues instead of the true functional 
monomers to avoid the possible problems inherent to the synthesis and handling of the 
polymerisable units.  
The decision to work with Boc-protected 
proline was based on two considerations. Firstly 
the conversion of the methyl ester in amide could 
have cleaved the Fmoc from the amino group. 
This, in fact, would have made impossible the 
selective esterification of the alcohol group with 
the acyl-chloride without subsequent acylation of the amino group. Secondly, even if 
the Fmoc-O-propionyl-prolinamide (175) would be obtained, the use of basic conditions 
to cleave the Fmoc could have promoted the hydrolysis of the propionyl group therefore 
N
O
NH2Fmoc
175
O
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regenerating the corresponding 4-OH-prolinamide. After synthesising the monomer 
analogue (173), the catalytic activity was tested by using a small scale cross-aldol 
reaction monitored by TLC and HPLC. Kinetic data obtained using the monomer 
analogue (172) did not confirm, in our hands, the catalytic activity reported in literature 
for similar compounds. In view of this fact the synthetic route was abandoned and the 
attention moved to other monomer candidates.  
For the design of the second monomer candidate it was decided to change the 
polymerisable units from acryloyl to styrene, relying on the higher polymerisation 
efficiency, and therefore higher yields, showed by the styrene moiety, as demonstrated 
by A. Jorge et al.[165] Having decided to construct the functional monomer using the 
prolinamide skeleton, a retrosynthetic scheme, shown below, was designed where the 
proline can be reacted with an amine containing a styrene unit (Scheme 36). 
 
Scheme 36: Retrosynthesis of the 4-vinylsulfoyl-carboxamide. 
The simplest chemical structure holding both these functions is the 4-aminostyrene (or 
4-vinylaniline) (176) (where n=0), which was used to synthesise the monomer. A 
monomer analogue was also synthesised starting from 4-ethylaniline (178) (Scheme 37). 
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Scheme 37: Synthesis of styrene-carboxamide. 
The synthesis of the monomer was carried out by coupling directly the N-Boc-
proline (166) with the 4-aminostyrene (176) using DCC at 0˚C (Scheme 37). The 
corresponding Boc-prolinamide was obtained, after purification, in 91% yield. A small 
amount of the Boc-derivative was then deprotected using 40% TFA in DCM and adding 
solid sodium bicarbonate to the organic solution to neutralise the excess of TFA and 
avoid polymerisation of the product. However, despite the tricks adopted, the 
polymerisation occurred anyway leading to a monomer (177) yield of only 22% (30mg), 
which was just enough for the characterisation. To avoid wasting more monomer, the 
reaction was then repeated starting from the 4-ethylaniline (178), in order to obtain the 
monomer analogue (179) in enough yields to test the catalytic activity.  
This was assessed by means of NMR kinetics in a sealed NMR tube adding 20% 
mol catalyst in deuterated DMSO containing 0.2M 4-nitrobenzaldehyde and 2M 
deuterated acetone (see section 3.5.1). The reaction progress was analysed until 
complete conversion of the substrate by looking at the change in the values of the 
integrals of the aldehyde proton at 10.18 ppm, which gradually decreased in favour of 
the signal of the β-hydroxy-ketone proton at 5.15 ppm. The same protocol was adopted 
to investigate the activity of the following monomer candidates as well. 
The reaction between N-Boc-proline and (166), performed in the same conditions, 
gave 32% of monomer analogue, corresponding to 140mg, which were enough to test 
the activity. The yield of this reaction was not considered sufficiently high and would 
have required more work to be improved. However, this was not done because the 
kinetic experiments, using (179) as catalyst in the cross-aldol reaction between 4-
nitrobenzaldehyde and acetone, did not show significant rate enhancement. The low 
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catalytic activity was probably due to the fact that the amidic proton was not acid 
enough, and the (179) rate acceleration did not improve even after addition of an extra 
source of proton into the system by using an equimolar amount of acetic acid as co-
catalyst.[161, 162] 
Literature data confirmed that increased acidity of the amidic proton can have a 
significant effect on the catalytic activity. For this reason, the attention was focussed on 
prolinamide derivatives having an electro withdrawing group on the amidic nitrogen 
and a polymerisable double bond. One group of derivatives appeared to be suitable: the 
sulfonyl-pyrrolidine-2-carboxamides (or proline-N-sulfonyl-carboxamides).  
This family of molecules is characterised by a 
sulfonamidic functionality, which is recognised to act 
as bio-isoster of the carboxylic group in medicinal 
chemistry, and moreover, it had been shown to be good 
catalyst for the cross-aldol.[166] Berkessel and Ley 
reported, independently, the synthesis of methan- (180) 
benzene- (182) and toluen- (181), -sulfonylcarboxamides, which were suitable starting 
point for the synthesis of a polymerisable prolinamide.[166, 167] 
As a result of a collaborative work with the group of Prof. Gouverneur (Oxford 
Univeristy), it was possible to have samples of two of these catalysts, methan- (180) and 
benzene-sulfonyl-carboxamide (182), and therefore test them against the cross-aldol 
reaction between 4-nitrobenzaldehyde and acetone with good results. This prompted the 
decision to derivatise the proline structure with a styrensulfonyl moiety in order to have 
a sulfonylcarboxamide suitable to be incorporated in a polymer matrix by mean of a 
radical polymerisation (Figure 18).  
N
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Figure 18: Examples of sulfonyl-pyrrolidine-2-carboxamide. 
The synthesis of the functional monomer proline-styrene-sulfonyl-carboxamide 
(183) was prepared by successfully adapting a synthesis of a proline-benzene-sulfonyl-
carboxamide (182) made by S. V. Ley and coworkers and Berkessel and collaborators, 
who developed slightly different strategies for proline derivatives containing a sulfonyl-
carboxamidic group. Both synthetic pathways were not applicable to the synthesis of 
our functional monomer because of limitations due to the presence of the styrene double 
bond.  
The Ley synthesis of the proline-benzene-sulfonyl-carboxamide starts from Cbz-
proline (165), which is coupled with commercially available benzenesulfonamide (184) 
by means of EDCI and DMAP for 48h, and the resulting Cbz-product (185) is then 
deprotected using a catalytic hydrogenations to afford, after purification by flash 
chromatography, to the desired product (182) (57% overall yield). In this methodology 
there were two limitations, which prevented the use of this strategy. First, the EDCI is 
mostly available as a chlorhydrate salt, which develops HCl in reaction conditions and 
this can lead to unwanted polymerisation with acids; secondly and most important, the 
last step, the hydrogenation, is incompatible with the presence of a double bond 
(Scheme 39). 
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Scheme 38: Synthesis of proline-benzene-sulfonamide (182) by S.V. Ley et al.[167] 
The Berkessel synthesis of the proline-tosyl-carboxamide (181) starts with the 
coupling of the p-toluenesulfonamide (186) with Boc-proline-4-nitrophenyl ester (187) 
by using NaH in DMF and after an overnight reaction and neutralisation of the excess of 
NaH in crushed ice, the pH is adjusted to 3 by adding citric acid followed by work up, 
which allows recovering of the Boc-protected N-sulfonylcarboxamide (188). 
Deprotection of the Boc with TFA in dichlorometane and further purification by 
trituration with methanol saturated with ammonia and subsequent recrystallisation led to 
the product (182) as a colourless powder (42% overall yield). This procedure involves 
use of strong acidic conditions, especially to remove the Boc, which can ignite cationic 
polymerisation by protonation of the double bond (Scheme 39). 
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Scheme 39: Synthesis of proline-toluene-sulfonamide (181) by A. Berkessel et al.[166] 
Taking into account the constraints due to the presence of a double bond, a new 
retrosynthetic approach was developed involving the coupling of the Fmoc-proline 
(167) with the styrene sulphonamide (189), which is not commercially available 
(Scheme 40). 
 
The styrene sulphonamide (189) was synthesised starting from the commercially 
available sodium salt, the styrenesulfonate (190), which was converted into the 
corresponding styrenesulfonyl chloride (191) using thionyl chloride and a small amount 
of DMF, to homogenise the reaction mixture (Scheme 41).[168] The mixture was left 
stirring overnight, then quenched with crushed ice and extracted with diethyl ether. A 
small portion of the solution was sampled and evaporated to characterise the sulfonyl-
Scheme 40: Retrosynthetic scheme for the functional monomer 
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chloride (191) by 1H-NMR and 13C-NMR. The remaining ether solution was 
concentrated, taking special care because it tends to polymerise when too concentrated, 
then added slowly portion wise to a saturated solution of aqueous ammonia under 
vigorous stirring. After several hours the ether was recovered and the water extracted 
several times with ether. After evaporation of the organic layer, the styrenesulfonamide 
(189) was recovered in the form of a white solid residue, which was coupled with 
Fmoc-proline (167) using DCC and DMAP in dichloromethane.  
Scheme 41: Synthesis of the styrene-sulfonyl-carboxamide, proline-sulfonamide monomer  (183). 
The use of the DMAP was required to increase the poor nucleophilicity showed by 
the sulphonamide, which otherwise would not have reacted with the proline, even after 
activating the carboxylic acid with the DCC. The lone pair of the sulfonamidic nitrogen 
is, in fact, heavily delocalised between the carbonyl and the sulfonic groups and 
therefore not readily available to act as a nucleophile. However, the presence of a small 
amount of DMAP (20% mol) in the reaction mixture promoted the deprotection of the 
Fmoc-proline (167) when the mixture was left to react too long. For this reason, after 
48h the mixture was filtered off removing the DCU, and the clear solution evaporated to 
afford a crude mixture containing the Fmoc-monomer (192), which was further purified 
by flash chromatography to afford a whitish solid residue, fairly soluble in organic 
solvents such as chloroform or dichloromethane. The next step, the deprotection of the 
monomer, was a cause of a bit of troubles not because of the reaction itself but because 
of the difficulty in recovering the final monomer (183).  
Chapter II: Results and Discussion - Synthesis 
 
 
97
The standard procedure to remove the Fmoc requires the use of 20% piperidine in 
DMF and is generally very quick (10 minutes), but when we tried to apply this 
procedure to the Fmoc-monomer (192), although the reaction went to completion very 
quickly, the free monomer could not be eluted from the chromatography column.  This 
was probably due to the strong polarity of the piperidinium salt generated during the 
deprotection and derived from the deprotonation of the sulphonamide moiety operated 
by the excess of piperidine. Various attempts of using very polar and slightly acidic 
solvent were not successful because they triggered the polymerisation of the monomer. 
In view of the fact that the Fmoc can be cleaved by strong base, the deprotection 
was carried out using aqueous ammonia (30% vol) as alternative reagent, and a small 
amount of THF to make the mixture homogeneous. The reaction went to completion in 
few hours (5h) although the duration was longer than with piperidine in DMF (10 
minutes), which is much faster even than piperidine in DCM (1h). After evaporating the 
THF, the work up of the mixture was carried out by exploiting the poor solubility of the 
proline derivatives in the organic solvents and the affinity 
for the diethyl ether of the product resulting from the Fmoc 
cleavage, the dibenzofulvene (193). In fact the aqueous 
phase was extracted few times with diethyl ether, verifying 
each fractions by TLC, to remove all the residues of 
dibenzofulvene (193) so that the water was left with the 
free monomer. 
In order to recover the solid monomer it was not possible to evaporate the water at 
reduced pressure, using a standard pump of a rotavapor and keeping the temperature at 
40˚C, therefore an alternative route was needed, which was envisaged in the use of a 
freeze-dryer. The idea was taken from the procedure used to recover the imprinted 
nanogels from their water; the solution was frozen using a Dewar containing liquid 
nitrogen, and freeze-dried, depending on the mass, for 24-48 hours, after which a solid 
whitish residue was recovered that was further purified by flash chromatography to lead 
to the desired monomer (183) (Scheme 41).  
Considerable effort and time were invested in the synthesis of the proline monomer 
(183). Numerous difficulties were overcome mainly due to the presence of the 
polymerisable side chain. Ultimately a procedure leading to the synthesis of desired 
product was successfully established. The compound was obtained with an overall 55% 
dibenzofulvene
193
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yield and an optimal degree of purity. This result was deemed sufficient for the purpose 
of this project and the focus moved on the synthesis of the substrates. 
 
2.1.7 CHOICE OF THE SUBSTRATES 
The aldol reaction can occur with a variety of substrates and, depending on the 
chemical structure, issues of regioselectivity and enantioselectivity need to be 
addressed. Numerous researchers, working in the field of organocatalysis for aldol 
reaction, use the reaction between 4-nitrobenzaldehyde (194) and acetone as the 
standard model system. The advantages of this system are various because the chosen 
acceptor, (194) (Scheme 42), being an α-aryl aldehyde, it lacks of hydrogen in α 
position with respect to the carbonyl groups and therefore it cannot form any enamine 
with the catalyst preventing the possibility of homo-aldolisation. Moreover, the 
presence of a strong electron-withdrawing group, such as the nitro group in para 
position, makes the carbonyl group more activated as the electrophile toward a 
nucleophilic attack.  
 
Scheme 42: Reaction between 4-nitrobenzaldehyde (194) and acetone to give the corresponding aldol 
(195). 
In addition, the presence, in 4-nitro-benzaldehyde, of a good cromophore such as the 
4-nitrobenzene, facilitates the UV-Vis analysis of the reaction process, given the strong 
absorption associated with the compounds bearing this group. Acetone was chosen as 
the donor mainly for two reasons, the first structural and the second physical. Firstly, 
and most importantly, acetone is a symmetric ketone, which means that reacting with 
the proline-catalyst it forms only one type of enamine, and consequently only one 
regioisomer, and therefore there are no issues associated with the control of the 
regioselectivity but only related to the enantioselectivity of the reaction, since two 
enantiomers can be generated. Secondly, in the experimental range of temperatures 
used, the acetone is a liquid that can be used as a solvent and therefore even in great 
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excess compared to the other reagent. One last additional advantage of these substrates 
is that the final data can be compared to other catalysts. 
 
2.1.8 SYNTHESIS OF THE REFERENCE PRODUCTS AND THE TEMPLATE 
A procedure involving a base-catalysed cross-aldol reaction between 4-
nitrobenzaldehyde (194) and acetone was adopted to synthesise the racemic aldol 
product (195), using the right amount of base and low temperatures to control the extent 
of the dehydration, leading to a mixture of both the β-hydroxyketone and the 
condensation product, the corresponding α,β-unsaturated ketone (196) (Scheme 43).  
The base-catalysed dehydrations of aldol products have generally higher activation 
energies than the addition step and it is not usually observed under strictly controlled 
kinetic conditions,[112] but in this case, although the temperature was kept around 0˚C, 
the reaction proceeded with dehydration because of the additional stability given to the 
condensation product by the extended conjugation with the 4-nitrophenyl group. 
 
Scheme 43: Base-catalysed dehydration of the aldol product (195) to lead to the condensation product 
(196). 
As previously reported, the synthesis of the template was designed taking into 
account the structural analogy with the aldol product and exploiting the possibility of 
converting the aldol (195) in the higher oxidation state of a di-ketone (197) (Scheme 
44). 
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Scheme 44: Oxidation of aldol (195) to corresponding di-ketone (197), the template molecule. 
Different synthetic routes were followed for this transformation. In the first instance, 
a protocol avoiding the use of metal, such as the Swern oxidation, was preferred 
because of its low environmental impact. The reaction was performed following a 
literature procedure[169] but unfortunately TLC monitoring did not show any trace of 
product formation. Purification of the reaction mixture afforded to a solid product 
whose NMR proved to be the starting β-hydroxy-ketone (195).  
The same procedure was repeated once more with the same result and therefore it 
was decided to move forward and find an alternative route, which was envisaged in a 
mild condition oxidation of alcohols to aldehydes and ketones, performed with a 
mixture of I2/ KI/ K2CO3/ H2O.[170] The procedure was carried out adding the K2CO3, I2 
and KI to water and the solution brought at 50˚C, at which temperature the solid β-
hydroxy-ketone (195) was added and heated up to 90˚C overnight, after which TLC 
monitoring showed a complex mixture of products. Despite different attempts to purify 
it, only the major compound was isolated pure and that resulted to be the starting 
material. The remaining compounds would not be isolated in order to determine their 
chemical structures. 
In view of the fact that the first two strategies did not bring to the desired 1,3-
diketone (197), probably because of the characteristic of the substrate, which posses 
both an alcohol and a ketone functionalities, an alternative way needed to be explored. 
This was founded in a method, previously employed to oxidise selectively primary 
alcohols to aldehydes, involving a chromium oxidation. The reaction was performed 
dissolving the product in dichloromethane and exploiting a transfer phase reaction 
involving K2Cr2O7 in 30% aqueous sulphuric acid and tetrabutylammonium-
hydrogensulphate, N(n-Bu)4+HSO4-, as a transfer phase catalyst.[171] This procedure 
gave the desired product as a yellow solid. A physical characterisation performed on the 
product by 1H- and 13C-NMR in CDCl3, in particular the signal of the OH at δH 15.89  
and the signal of the olefinic proton at δH 6.21, confirmed that the product was present 
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exclusively in its keto-enol tautomer (197B). This is not surprising because the use of a 
polar aprotic solvent, such as CDCl3, to do the NMR analysis, increases the stability of 
the keto-enol tautomer by facilitating the formation of an intra-molecular hydrogen 
bond. This stability is further improved by the quasi-symmetrical conjugation between 
the two carbonyl groups due to the enolic double bond (Scheme 45).[112] 
 
Scheme 45: 1,3-Di-ketone (197A) and its tautomers (197B and 197C). 
The UV-Vis absorption of the species (197) was estimated in different solvents and 
in DMF the compound showed a large band centred at 326nm. Other scans were done in 
ACN, ACN with 2% water, Et2O, DCM, THF and EtOAc. In all cases the spectra 
showed a large peak centred between 324 nm (ACN) and 330 nm (THF).  
After having synthesised both the functional monomer (183) and the desired 
template (197) and after having studied the formation of the covalent complex with the 
2,4-pentadione (160) and the proline (114), the project proceeded with one of the most 
important part of the research project: the synthesis and characterisation of the 
imprinting complex between the functional monomer styrene-sulfonyl-carboxamide 
(183) and the template 1-(4-nitrophenyl)butane-1,3-dione (197). 
 
2.1.9 SYNTHESIS AND CHARACTERISATION OF THE IMPRINTING 
COMPLEX 
The experiments carried out on the model enaminone (164), generated between 
proline and the 2,4-pentadione (160), allowed gathering a considerable amount of 
experimental information upon the stability and reversibility of the covalent bond. From 
this work it was clear that DMF could be used as a solvent to carry on the reaction and 
that a system to remove the water from the reaction medium was essential to have 
quantitative yields. Nonetheless, all those experiments were performed in a cuvette on a 
small micromolar scale and in a relatively long timescale. In order to be able to 
synthesise the desired enaminone (198) in a scale sufficiently high to generate enough 
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material to imprint the polymer, three issues needed to be addressed: (i) scale up the 
reaction in a multimilligram scale, (ii) reduce the reaction times, (iii) obtain a 
quantitative yield. 
The template-monomer complex (198) to be used for this project would be obtained 
by the condensation between the polymerisable proline derivative (183) and the 1-(4-
nitrophenyl)butane-1,3-dione, the template, (197) (Scheme 46). 
 
Scheme 46: Synthesis of the template-functional monomer complex, the imprinting complex (198). 
Although this type of reaction is similar to the one previously discussed between 
proline and 2,4-pentadione (160), the UV-Vis spectrum of the reaction solution is 
different. Both reagents have an aromatic ring, which shows a strong absorbance peak at 
around 254 nm and the template (197) shows another peak at 326 nm. The first is close 
to the absorption peak of the keto-enol moiety (see 160B) at 275nm and the second is 
close to the peak of the enaminone (164) at 318nm. The determination of the absorption 
exclusively due to the enaminone chromophore is therefore a difficult task because both 
reagents and product possess benzene rings involved in extended conjugations. For this 
reason it was assumed that the formation of this enaminone (198) proceeded in the same 
way as for the model reaction between proline and 2,4-pentadione (160) to give the 
enaminone (164). 
In view of the fact that the UV-Vis spectroscopy could not be used to analyse the 
progress of the reaction between the proline catalyst (183) and the template (197) and 
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since a larger scale reaction must be made anyway, it was decided to synthesise the 
enaminone using different catalysts, such as prolinamide, proline, proline-methan-
sulfonamide (180) and proline-benzene-sulfonamide (182), before attempting to use the 
functional monomer (183). The aim was to verify the possibility of finding a general 
synthetic approach to form the enaminone in a way independent of which proline 
derivative was going to be used. 
Literature data report several methods to form the enaminone from β-dicarbonyl 
compounds and amines, all of which are based on removing water from the equilibrium 
of the reaction. Among them there are methods which use acid or BF3OEt2 at reflux in 
toluene.[172] Unfortunately, not all of them are suitable for this project. In fact, the use of 
proline derivatives implies limitations to the choice of the possible reagents, due to the 
poor solubility of these compounds in the majority of the solvents used and the presence 
of a polymerisable double bond in the case of the monomer. 
 
Scheme 47: Synthesis of enaminone (199) derived from proline (114) and the template (197). 
Taking into account the literature data,[173] it was tried to synthesise the enaminone 
(199), derived from the template (197) and proline (114), using 0.1% of para-
toluensulfonic acid in toluene at reflux under nitrogen. The proline was not soluble in 
toluene even at high temperatures, but the addition of few drops of triethylamine helped 
the solubility. After few hours at reflux the colour of the solution turned to dark reddish 
and TLC showed presence of a dark product. By adding few drops of HCl to a small 
aliquot of the solution the colour turned back to clear, indicating, as expected from the 
model enaminone (164), a presence of a hydrolysable compound. TLC of the 
hydrolysed fraction confirmed disappearance of the reddish product. Given the small 
scale used and the fact that this reaction was not quantitative, the product recovered 
after the work up was very little even for NMR analysis and therefore it was decided to 
set up the next reaction directly in a sealed NMR tube so to have at least a qualitative 
idea of the reaction progress.  
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The problem with the solubility of the proline prompted the idea of using the 
prolinamide (200) that is fairly soluble in the most of the organic solvents. A reaction 
was set up using deuterated ACN, prolinamide (200) and the template (197) in a sealed 
NMR tube, which was monitored at regular intervals but, although very small changes 
were visible in the spectra with time, the progress seemed to be very slow and therefore 
it was left running in the sealed tube. After 13 days, few orange needle-like crystals, 
appeared at the bottom of the tube, were recovered, washed twice with dry ACN and 
dried to be analysed by 1H-NMR in deuterated chloroform, which confirmed their 
nature of the enaminone crystals (201). 
 
Scheme 48: Synthesis of enaminone (201), derived from prolinamide (200) and the template (197). 
The reaction was repeated on a multimilligram scale and left reacting for 6 days to 
confirm the first results, testing the crystals with HCl to verify hydrolysis by 
disappearance of the orange colour following addition of a 10% solution of HCl. The 
results were promising but mined by the slow reaction time, therefore this was repeated 
in the same conditions but refluxing the ACN. After 5 h the reaction was almost 
completed and after work up a solid orange product was recovered to be analysed by 
1H, 13C and COSY-NMR, which confirmed presence of the enaminone (201) as two 
geometric isomers, Z (Z-201) and E (E-201), in the ratio 55/45 as evinced from the 
enaminic protons, but with no specific insight of which one was the major because the 
complexity of the overlapping signals made very difficult the assignment of the peaks. 
Attempts of acquiring an X-ray structure of the compound resulted unsuccessful 
because the quality of the crystals was deemed not suitable, however the mass of the 
enaminone (201) was further confirmed by high resolution mass spectroscopy.  
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Figure 19: Geometric isomers of the enaminone (201) obtained from prolinamide (200) and the 
template (197). 
Prompted from these results, it was decided to repeat the procedure using the 
proline-methan-sulfonamide (180), a catalyst more similar to the monomer (183) 
because of the presence of the sulfonamide group but without the phenyl ring, which 
would have made the reading of the NMR spectra even more complicate.  
 
Scheme 49: Synthesis of the enaminone (202) derived from template (197) and proline-methan-
sulfonamide (180). 
Once set up the reaction in ACN it was immediately clear that this catalyst had the 
same issue of solubility presented by proline and therefore 10% of dry DMF was added 
to homogenise the reaction mixture. TLC monitoring showed complete conversion of 
the starting material after refluxing the reaction mixture for 24h. The recovered product, 
purified by flash chromatography and analysed by NMR (1H, 13C and COSY), was 
proved to be a mixture of the two isomers of the enaminone (202). All these reactions 
proved the possibility of making the enaminone without using an external catalyst and 
therefore limiting the purification steps but, unfortunately, to have almost quantitative 
yield and a reasonable reaction time it was necessary increase the temperature, which 
could have exposed to the risk of polymerisation while using the functional monomer. 
A further development of the procedure was therefore required in order to reduce time 
and temperature of the reaction.  
Although the preliminary results with the model enaminone (164) proved the DMF 
to be a good solvent for the enaminone formation, attention was shifted to ACN as a 
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consequence of the good crystal obtained for the prolinamide enaminone (201). 
However, due to the poor solubility of the proline methan-sulfonamide (180) in that 
solvent and the time required to complete the reaction without increase of the 
temperature, it was decided to try again with the DMF using activated molecular sieves 
as drying agents and keeping the temperature not higher than 40˚C, considered safe to 
avoid thermal polymerisation. The reaction was therefore carried out at 40˚C, under 
inert atmosphere, using activated molecular sieves that ensured complete reaction in 
24h. The purification of the product by column chromatography on silica did not afford 
to the desired pure compound, which partially hydrolysed while collecting the fractions. 
The reason for that might be found in the acidity of the silica and traces of water present 
in the solvents used for the elution. However, the characterisation was performed on the 
purified solid compound, obtained by collecting the most pure fractions before 
hydrolysis. All the analysis confirmed the nature of the product as the desired 
enaminone (198), with no signs of polymerised product. 
The stability of the template-monomer complex (198) during the polymerisation is 
one of the prerequisites for a successful imprinting. The enaminone, although stable 
enough to be seen in TLC and NMR, could not be purified or indeed be stored for long 
time. Studies carried out in different solvents systems showed that the enaminone could 
be formed quantitatively and remain stable when the reaction was set up under nitrogen 
in a sealed vial, containing activated molecular sieves and dry DMF. These conditions 
proved to be the best for the synthesis of the complex upon all aspects, giving 
quantitative yield in template-monomer complex (198). The sealed and dry environment 
ensured that the complex remained stable during the polymerisation process, carried out 
over 4 days at 70°C. 
HR-MS, 1H-NMR, 13C-NMR and COSY-NMR spectroscopies confirmed, 
respectively, the molecular mass, the structure and the existence of the product (198) in 
two different geometric isomers, the E and Z, in a ratio 55/45 as estimated from the ratio 
of the enaminic protons at δH 5.58 and 5.43 ppm, but without unambiguous insight of 
the major being E or Z. The high level of complexity of the spectra, due to signals 
overlapping, and the similar intensity of the two isomers peaks, made indeed very 
difficult to obtain a clear assignment of the peaks. 
 Moreover, since the template is a β-dicarbonyl compound, in principle, two 
different types of enaminone can be formed: the one in α (205) to the phenyl ring and 
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the one in γ (206) (Scheme 50). However, the spectral data, especially the signals of 13C-
NMR relatives to the carbons involved in the enaminone bond, suggested that the 
isomer formed was the one involving the carbonyl further away from the benzene ring 
(206). 
 
Scheme 50: Stucture of the α-enaminone (205) and γ-enaminone (206) and 13C-NMR assignments. 
Since the two structures are isomers, they possess the same mass and therefore they 
could be identified only by structural differences.  
In order to clarify the structural nature of the enaminone product, it was then 
decided to make use of the electronic calculations to obtain high level 13C-NMR 
predictions and to compare them with the experimental values obtained for a series of 
enaminones. This was made possible thanks to a collaboration with Prof. Federico 
Berti, Trieste University (Italy), who performed DFT-GIAO (Density Functional 
Theory – Gauge Including/invariant Atomic Orbitals) calculations for the two isomers 
(205) and (206). This work confirmed that the enaminones obtained from the reactions 
were the kind of γ-enaminone (206) and (198) sought for its structural analogy with the 
intermediate of the cross-aldol reaction (204) (Scheme 51).  
Chapter II: Results and Discussion - Synthesis 
 
 
108
 
Scheme 51: Analogy between enaminone (198) and intermediate of reaction (204). 
The geometries of the two possible enaminones, derived from proline, were optimized 
first using the BLYP method[174, 175] in combination with the 6-311G(d,p) basis set using 
the parallel version of Gaussian 03 and the α-enaminone (205) was found having a 
structure with high energy and extremely distorted geometry, which makes it very 
unlikely to be. These were followed by the determination of the 13C-NMR absolute 
shielding constants, computed using the continuous set of gauge transformations 
method[176] with the 6-311G(2d,p) basis set.  
 
ENAMINONES A B C D E F G H I L M N O 
α-ISOMER (205) 147.37 125.13 128.28 150.35 158.57 95.97 192.17 24.46 47.86 21.80 29.98 58.53 176.32 
γ-ISOMER (206) 148.82 123.33 128.25 148.69 185.08 91.53 163.67 11.33 46.64 22.14 30.01 58.39 176.28 
IMPRINTING 
COMPLEX 
(198) 
148.5 123.3 128.0 148.0 182.8 92.5 162.6 17.4 49.4 22.6 30.5 64.6 171.4 
Prolinamide 
(201) 
148.2 123.3 127.9 148.1 183.1 92.3 162.6 17.3 49.1 22.9 30.6 61.9 173.0 
Methan-sulfonyl-
prolinamide 
(202) 
148.3 122.9 127.8 - 183.1 92.0 163.4 17.0 49.2 22.8 30.5 65.3 178.9 
Table 1: Comparison of the chemical shifts for 13C-NMR. Entry 1 and 2 showed the chemical shifts of 
the DFT-GIAO calculation for the enaminones derived from the proline. The results might be affected 
by 4-5 ppm of error. Entry 3-5 showed the experimental chemical shifts obtained from the enaminones 
derived from the functional monomer (entry 3), prolinamide (entry 4) and methan-sulfonyl-
prolinamide (entry 5). 
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A detailed discussion concerning the quantomechanical aspects of the calculations is 
beyond the scope of this thesis; however, these were based on the calculation of the 
magnetic shielding, which were then converted into the chemical shifts by noting that at 
the same level of theory the absolute shielding in tetramethysilane is 175.44. These 
theoretical calculations allowed a high level estimate of the 13C-NMR chemical shifts 
for the two isomers making possible a comparison between the theoretical and the 
experimental ones (Table 1).The table shows clearly that all the experimental results 
matched with the γ-isomer (206), the one analogue of the intermediate of the cross-aldol 
reaction. Particularly diagnostic are the value reported for the carbon E, F and G, which 
are the ones involved directly in the enaminone covalent bond. The value estimated for 
the carbonyls not involved in the covalent bond are, for example, very different, 192.17 
for α-isomer and 185.08 for the γ, as well as the value for the carbonyl involved in the 
enamine bond, 158.57 for α-isomer and 163.67 for the γ. Although the DFT results 
might be affected by 4-5 ppm of error, the matching between the values of the γ-isomer 
and those of those experimental are impressive, proving undoubtedly that the 
enaminone formed is the desired one. 
As previously reported at the beginning of this section, the formation of a stable 
complex, between the template molecule and the functional monomer, is a key step for 
a successful imprinting and therefore it requires an accurate investigation of the optimal 
conditions in which this can be generated. In particular, for this project, this study was 
anticipated by a great amount of work spent in the synthesis of the reagents, especially 
the functional monomer, followed by the study of theirs catalytic activity, and the 
experimental investigation of a model covalent complex. All this work allowed 
establishing the optimal experimental conditions in which the template-monomer 
covalent complex was quantitatively generated and the conditions in which it was 
hydrolysed. Moreover, comparison of DFT-GIAO calculations with experimental data 
allowed establishing structural information related to the geometry of the complex.  
Although important and time-consuming, this process was only the first step toward 
the synthesis of the molecularly imprinted polymer, which required a proper evaluation 
of the conditions in which the complex, the co-monomers and cross-linker react to 
generate the desired polymer matrix that will be the topic of the next section. 
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2.2  NANOGELS SYNTHESIS AND CHARACTERISATION 
 
2.2.0 INTRODUCTION 
The vast majority of literature data available on molecular imprinting deals with a 
single polymer format, the so-called “bulk” polymer. This is a highly rigid structure that 
is obtained as one big monolith and needs to be grinded mechanically and sieved to 
reach a small sized distribution.[4] Moreover, these “bulk” materials are insoluble and 
present irregular shape of the particles and often a dishomogeneity of recognition sites. 
In recent years, as results of improvements in the field of materials nanotechnology, 
there has been a progressive development of new polymeric formats, such as nanotubes, 
nanofilaments, nanowires, nanofibres and nanoparticles.[6, 54, 177] This has attracted 
considerable interest from the molecular imprinting community that has investigated the 
possible applications, prompted from the number of advantages that these new materials 
can offer. In fact, by moving towards the nanosized polymers it is possible to increase 
the surface/volume ratio and, as a consequence, make the recognition sites more 
available to the substrates. This allows lowering of the diffusion times, which promote 
quicker interaction with the functional moiety inside the cavity and, eventually, the 
release of products. These advancements in polymeric formats allowed the design of 
new imprinted nanodevices, originated by exploiting specific physical properties of the 
new polymers, such as optical, electrical, mechanical and thermal.  
Examples of this technology can be seen in nanodevices able, for instance, of 
controlling drug release[178, 179] or in new synthetic receptors for sensing[180] and electro-
chromatography.[181] The decision of choosing the polymer format, used in this project, 
from the pool of these nanomaterials, was certainly conditioned by all the advantages 
associated with them.  
In addition, the molecular imprinting strategy is always based on the use of 
functional monomers, eventually co-monomers and cross-linking agents, the choice of 
which is related to parameters such as polarity and solubility. The physical properties of 
these constituents, together with the polymer format, the type of polymerisation chosen 
and the solvent, are very important for both the shape of the cavities and for the physical 
properties of the final materials. For this reason, careful considerations were made at the 
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beginning of this project when evaluating the functional groups responsible for the 
interactions between the imprinting complex and the backbone of the polymers. The 
following sections will discuss the choice of the components of the polymerisation 
solution and the polymer format chosen for the synthesis of the imprinted nanogels. 
 
2.2.1 CHOICE OF BACKBONE MONOMER AND CROSS-LINKER 
Literature data reported the generation of highly soluble catalytic systems already in 
the mid-eighties.[182-185] In 1995, the pioneering work of Okhubo et al. appeared, who 
developed highly soluble acrylamide-based polymer for the hydrolysis of nitro-phenyl 
esters.[186-189] Finally, in 2004, the group, where this work was carried out, has led the 
way to the application of molecular imprinting to catalytic microgels, with the view of 
optimising interactions between the significant substrate and the polymers,[26, 27, 160] 
obtaining important results in the development of hydrolytic imprinted microgels for the 
hydrolysis of 4-nitrophenylcarbonate. 
The general idea, based on work with enzymes and catalytic antibodies, was to use 
polymerisable amino acid derivatives as functional monomers, as explained earlier in 
section. In the previous projects the synthesised microgels all contained acrylamide 
(107) as the backbone and N,N’-ethylene-bis-acrylamde (108) as the cross-linker. This 
choice was justified by the high polarity of the functional monomers used and by the 
requirements of having a highly soluble matrix. In the work presented here, in analogy 
with our previous results, acrylamide and N,N’-ethylene-bis-acrylamde were also 
chosen as co-monomers for the polymerisable mixture. In addition, the choice of a 
backbone monomer containing an amide group, and specifically the acrylamide, will 
have the advantage of using the same type of amide backbone constituent of the 
biological macromolecules, such as enzymes and catalytic antibodies, that inspired 
these synthetic polymers with enzyme functional mimicry. 
The couple acrylamide/bis-acrylamide is largely used in literature to synthesise a 
variety of soluble polymer gels with different purposes. Among them is worth to 
remember the generation of catalytic microgels.[187-190]A key feature of acrylamide/bis-
acrylamide resides in the ability of the amide moiety of interacting well with amino 
acids or other polar groups, and its ability in preventing or minimising non polar 
interactions that might occur during the polymerisation process and that could affect the 
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solubility of the final monomer in polar media. In addition, the ability of acrylamide 
based microgels to swell, and the variation in porosity associated with such swelling has 
been exploited to study the permeation of the membranes that has been applied also to 
the development of materials capable of absorbing specific component in a    
mixture.[191-193] 
 
2.2.2 CHOICE OF CROSS-LINKER CONTENT 
An important parameter that affects the characteristics of an imprinted polymer is 
the cross-linker content. In fact, being responsible for the degree of rigidity of the 
polymer matrix, it influences the flexibility of the polymer network and therefore the 
capability of the cavities to keep their three-dimensional shape when interacting with 
the target molecule. The choice of the cross-linker and its concentration significantly 
alters the behaviour of the final polymer including its activity, as demonstrated by 
Wulff et al. already in 1987, when preparing imprinted polymers for selective 
separation.[194] Wulff’s group investigated how the effect of the cross-linker content 
affected the substrate specificity of imprinted bulk polymers. The results showed a 
direct correlation between the percentages of the cross-lnker and the selectivity shown 
by the polymers with an optimal range seen between 65 and 90%. This result is not 
unexpected since the higher cross-link content will inevitably lead to a polymeric matrix 
with increased rigidity that in return will show enhanced recognition capability and 
therefore substrate selectivity. 
In the case of microgels, the reported cross-linker content was generally lower than 
the bulk polymers, with literature data ranging from 5 up to 25% until 2001, when 
Biffis et al. [159] developed a new approach, investigating microgels with cross-linker 
content from 50% to 90% for binding of sugar imprint, using different type of cross-
linkers and solvents. In this case it was found that the optimal percentage of cross-linker 
was between 70 and 90%. However, these examples that were not acrylamide-based, 
described imprinted polymers with binding, and not catalytic, capabilities. In 2004, 
Maddock et al. [26] reported the first example of catalytic microgels with a cross-linker 
content between 70 and 90%, and demonstrated that the one with 70% cross-linker was 
able to give the best catalytic activity, possibly derived from a compromise between the 
rigidity of the matrix and the flexibility of the cavities. 
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2.2.3 CHOICE OF THE SOLVENT 
The solvent chosen for the polymerisation plays a fundamental role in the process 
since it affects the interactions between all the polymerisable components. The first 
characteristic of an ideal solvent is the ability to completely dissolve all the 
components, so that the interactions can take place without limits due to heterogeneous 
components of the solution. In this sense, the character of the solvent has to match that 
of the components of the polymerisable mixture, similia similibus solvuntur, following 
the principle for which similar are better solvated by similar. In this case the functional 
monomer chosen for this project, the proline-derivative (183), showed a limited 
solubility in most organic solvents, even in the form of the polymerisable template-
monomer complex, because of its polar nature. In view of this fact, the backbone 
monomer, the acrylamide (107), and the cross-linker, the bis-acrylamide (108), were 
chosen polar, and therefore even the choice of the solvent had to be made among those 
with a high polar character. 
The most common polar solvent is obviously water, which can easily dissolve polar 
structures such as amino acid derived functional monomers. However, although being a 
good solvent, it is not typically used as a polymerisation solvent for imprinting, since it 
is able to disrupt the hydrogen bonding interactions, on which most of the self-assembly 
around the imprinting complex is based. Other polar protic solvents, such as methanol, 
ethanol et cetera, were discarded for the same reason. In addition, as seen in section 
2.1.5, the template-monomer complex, the enaminone (198), used in this project is very 
sensitive to hydrolysis making compulsory the need of completely anhydrous solvent 
for the polymerisation. 
Having discarded the possibility of using protic solvents but being in the need of 
using something polar, the attention moved to the consideration of DMSO and alkyl-
amides, particularly DMF. In literature DMSO is regarded as a good solvent for the 
polymerisation, given its very polar aprotic nature,[186-189] able to easily dissolve polar 
structures such as amino acid as well as less polar compounds such as aromatic-
containing structures. DMF, although less polar than DMSO, shows a good solvating 
power even toward amino acids, and therefore can be seen as alternative to the DMSO. 
Both solvents are characterised by high dipole moments and aprotic nature, which can 
help stabilise the hydrogen bonding between the molecules by interacting in a specific 
orientation with the functional groups of the monomers. 
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Although for the purpose of this project both DMSO and DMF seemed to be good 
solvents for the polymerisation, the choice made was dictated as a result of the stability 
of the imprinting-complex. In fact, since the best conditions for obtaining a quantitative 
yield of template-monomer complex were acquired using anhydrous DMF, and not 
DMSO, and the imprinting complex could not be isolated from the reaction mixture 
without considerable losses of product, DMF was chosen to prepare the imprinted 
polymers. Moreover, DMF is able to dissolve completely the acrylamide and N,N’-
ethylene-bis-acrylamide, given its amide nature. 
Having then defined the components of the polymerisable mixture and the solvent, 
the attention moved to the polymer format. 
 
2.2.4 CHOICE OF POLYMER FORMAT: NANOGELS 
The polymer format plays a big role in the activity of imprinted materials, as the 
flexibility of the matrix greatly affects the cavity’s capability of adapting to the shape of 
the targeted substrate. This is even more important in the case of imprinted polymers 
with catalytic activity, since the stabilisation of the transition state analogue, or the 
intermediate of the reaction to be catalysed, needs to be promoted by a tighter 
interaction with the functional groups of the cavity. Another issue raised by the polymer 
format is the ability of generating homogeneous solution in organic solvents, and this is 
particularly important for catalytic imprinted polymers. This, together with an increased 
flexibility, a reduced size and an easy access to the recognition sites, are some of the 
requisites that can make new polymeric formats more similar to their natural 
counterpart, the enzymes and the catalytic antibodies. On the other hand, these new 
materials can offer an unprecedented level of robustness if compared with enzymes, 
since they could be used in a wider range of pH and temperatures and in organic 
solvents, making them a complement of their natural counterpart. 
 For the purpose of this project, the choice of the polymer format was then dictated 
by the necessity of creating a soluble and flexible polymer matrix, with dimension 
comparable with those of natural enzymes, suitable to be used for the generation of 
imprinted polymer with enzyme-like activity. This excluded a priori the use of the bulk 
polymers because they do not satisfy these requirements and moved the focus toward 
the new class of nanomaterials, in particular the imprinted nanogels. In fact, as we have 
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seen in section 1.2.6, this format seemed to be very attractive to be used in molecular 
imprinting, especially in catalysis. 
Nanogels are intramolecularly cross-linked macromolecules, ICMs,[195] with a 
network structure capable of swelling in suitable solvents to give homogeneous 
colloidal solutions.[158, 196, 197] Particle formation occurs by homogeneous nucleation, 
which involves the growth of soluble oligomers until they reach a critical chain length, 
beyond which the growing chain collapses to form precursor particles. These may 
aggregate with other precursor particles or deposit onto an existing, colloidally stable 
nanogel particle. The growing polymer particles achieve colloidal stability trough some 
kind of stabilization that depends on the type of polymerisation chosen.[197] 
These macromolecules are involved in a wide range of applications, which 
comprehend clarification of physical properties of soft matter as well as use in applied 
field, mostly in material science.[197] Their aptitude to change volume as a reaction of 
external stimuli, like pH, temperature, ionic strength of the surrounding medium, type 
of solvent and the action of electromagnetic field, make them suitable to be exploited 
for drug delivery, sensing, separation and purification technologies and templated-based 
synthesis, which comprises the catalytic imprinting.[197] 
The most common methods used to synthesise nanogels are the microemulsion 
polymerisation[196] and the high dilution radical polymerisation,[157-159] but recently a 
new singular “post-dilution” method was introduced by Wulff et al. in 2006.[109] The 
first method involves use of water and therefore is not suitable for the imprinting whilst 
the second controls the growing chains using a dilution factor, which promotes the 
intra-molecular rather than inter-molecular reaction, impeding the macro-gelation to 
occur. The use of a “good” solvent inhibits the aggregation of the microgels particles, 
and the ability to swell, showed by these macromolecules, is mainly due to the 
imbalance between repulsive and attractive forces acting in the particles. Swelling 
occurs when ionic repulsion and osmotic forces exceed attractive forces, such as 
hydrogen bonding, Van der Waals interactions and hydrophobic and specific 
interactions, which depend on the functional groups presents on the particles. The “post-
dilution” method, which is a variation of the high dilution radical polymerisation, is 
based on stopping the polymerisation just before macrogelation occurs and on diluting 
the solution with the polymerisation solvent, keeping the concentration of the 
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polymerisation solution lower than the critical gelation concentration (CGC). This 
increases the density of the particles, reducing at the same time the polydispersity.[109] 
All the above considered and given a good solvent and a fixed temperature, the 
formation of nanogels, using the high dilution radical polymerisation, depends strictly 
upon the concentration of the monomer, CM, which is a very important parameter and 
will be discussed in the next section. 
 
2.2.5 POLYMERISATION METHOD 
The polymerisation method, chosen for the synthesis of the aldolase nanogels, was 
built on a protocol previously developed in this research group for the synthesis of 
microgels. This method is based on the high dilution radical polymerisation, initially 
developed by Graham at University of Strathclyde in 1995, and further optimised by 
Biffis et al. in 2001, whose main parameter is the CM.[157-159] This is the total monomer 
concentration defined as the percentage obtained dividing the sum of all the monomers 
present in the polymerisation solution by the weight of the solution. 
For the purpose of this project, after having established the components to be used in 
the polymerisable mixture, that are the template-monomer complex, the backbone 
monomer, the cross-linker and the solvent, and having decided the extent of the cross-
linking as well, the last remaining experimental parameter to be determined was the 
overall monomer concentration, CM. This term is of fundamental importance in 
delineating the overall conditions in which microgelation instead of macrogelation 
occurs, and its value has to be within the Critical Gelation Concentration (CGC) curve, 
defined as the limiting monomer concentration above which critical value would lead to 
formation of macrogels.[158] The CGC is a function of the solubility parameter, δ, which 
increases with the polarity of the solvent, and it describes a bell-shaped curve that 
defines two regions of concentration where the macrogelation and the microgelation 
occur, as illustrated in Figure 21. 
This type of graph has to be generated from experimental data and it shows the 
conditions in which micro-gelation or nano-gelation can occur for a specific system 
defined by a number of polymerisable units, cross-linker and solvent. Once determined 
the bell-shaped curve, it is possible to decide which concentration of monomer would 
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be more appropriate for the generation of the microgels or nanogels polymers, using the 
right value of CM, expressed as percentage weight/weight (%w/w) of monomer, as 
shows in Figure 21.[158] 
 
Figure 20: Illustration of the bell-shaped curve used to determine the CM. The CM values inside the 
bell-shaped curve give microgels, the ones outside, the macrogels.[27] 
The CM is calculated as follow, taking into account the weight (W) of the monomers: 
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The work previously carried out in this research group on the hydrolytic nanogels 
demonstrated that using values of CM equal to 1.5 and 1 led to formation of micro-gels 
with average size smaller than 140 nm.[26, 27] That work showed a trend, which involved 
a reduction of the particle size as the value of CM decreased. In this work we aimed at 
working with lower CM in order to obtain smaller particles, nanogels in the range 20-40 
nm, in the attempt to reduce the heterogeneity of the preparation and increase the 
solubility of the particles. After various attempts it was decided to use a CM of 0.5% to 
prepare the aldolase nanogels. 
 
2.2.6 NANOGEL SYNTHESIS 
The work presented in this and the following sections (2.2.7), reporting on the 
synthesis of the nanogels particles and their physical characterisation, is the result of a 
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collaborative work with Miss Ania Servant, who successfully adapted the protocol, 
previously developed in this research group for the synthesis of the hydrolytic 
microgels, to the synthesis of microgels with aldolase activity. 
The polymers were prepared in DMF by mean of a high-dilution radical 
polymerisation using CM=0.5 and 80% cross-linker. All the samples belonging to the 
same batch, MIP, NIP and CP, were prepared following exactly the same procedure at 
the same time, to avoid introducing extra variables. For this reason all the samples were 
set up using 4ml of anhydrous DMF in the Wheaton ™ serum clear glass bottle, under 
nitrogen and activated molecular sieves. An equimolar amount of functional monomer 
and template was added in the MIP vial, whilst in the NIP vial only the functional 
monomer was added and nothing in the CP one. The solutions where then sealed, 
flushed with nitrogen and kept at 40˚C for 48h to allow formation of the imprinting 
complex. The chemical transformation could be seen with naked eye since the pale 
yellow solution derived from the coloration of the template (197) became dark orange 
due to the formation of the enaminone (198) and its highly conjugated system. On the 
other hand the sample containing the NIP and the CP, did not undergo any substantial 
changes. 
After 48h a polymerisable solution, obtained by dissolving acrylamide (107), N,N’-
ethylene-bis-acrylamide (108) and AIBN (106), was added, under nitrogen, to each vial, 
which was then put in the oven. The polymerisation was initiated by the AIBN 
(azoisobutyronitrile) at 70˚C and lasted for 4 days, after which the vials with the 
colloidal solutions of nanogels were removed from the oven. 
After polymerisation, the nanogels solutions underwent dialysis against water with 
the duplex purpose of exchanging the polymerisation solvent with water and, most 
importantly for the MIP, removing the template from the imprinted cavities. In fact the 
covalent bond between the template and the functional monomer can be completely 
hydrolysed by using water for a longer period of time, instead of a diluted solution of 
HCl for a short time. The process was carried out by using dialysis membranes with a 
cut-off of 3500kDa and by changing the water twice a day, to allow removal of the 
smaller particles, included the not reacted, in order to have, after at least 4 days, an 
aqueous solution which after freeze-drying led to fluffy polymers.  
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The presence of a styrene unit in the polymerisable proline derivative did not affect 
significantly the formation of the nanogels, although the yields, especially for the MIP, 
were lower than expected (Table 2). In fact the percentage of styrene monomer ranged 
from 2% (in the polymers with a ratio proline/acrylamide 1:5) up to 10% (in the 
polymers 1:1), which constituted the majority of the preparations. These percentages did 
not change the physical character of the polymers that behaved like polyacrylamide 
gels, as resulted from their physical characterisation. 
 The yields of the polymers, as mass %, were calculated taking into account the total 
mass of monomers allowed reacting and the mass of the polymer recovered after freeze-
drying, as specified in equation 2.2.6.1.  
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 x 100   Eq. 2.2.6.1 
 
ENTRY NANOGELS YIELD (%) 
1 MIP AS132 10 
2 NIP AS133 65 
3 CP AS134 75 
Table 2: Yield of the nanogels obtained using CM = 0.5 and 80% cross-linker. 
The results reported in Table 2 are indicative of a general trend and show how the 
polymerisation yield of the imprinted polymers are much lower than the non imprinted 
and control, indicating that the presence of the template-monomer complex (198) has an 
inhibitory effect most likely by quenching the radicals. In an attempt to improve this 
reaction, experiments were performed increasing the concentration of AIBN, but 
unfortunately this did not appear to improve the yields. This phenomenon has been 
confirmed by repeating the experiment a number of times. In addition, the fact that the 
polymer yields for imprinted preparations are consistently lower than the corresponding 
non imprinted, provides additional evidence. 
These results, although interesting, would have required further studies to evaluate 
how this inhibitory effect could be removed or at least minimised. Unfortunately, lack 
of time prevented this as the study of the kinetic characteristic was deemed to have 
higher priority. 
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The solubility of the isolated nanogels was tested by dissolving 1mg of polymer in 1 
ml of a variety of solvents (chloroform, tetrahydrofuran, DMSO, DMF, water and 
ethanol). The judgement regarding the solubility was assessed visually by looking at the 
transparency of the solutions and it resulted to be good only in DMF, DMSO and a 
mixture thereof, with preference for DMSO. In order to minimise the amount of DMSO, 
a mixture of 20% DMSO in DMF was used to give finally a clear colloidal solutions. 
 
2.2.7 NANOGELS PHYSICAL CHARACTERISATION 
The physical characterisation of the polymers gels was performed with the aim of 
determining the average size of the particles, the size distribution and their average 
molecular weight. These were physically characterised using GPLC (Gel Permeation 
Liquid Chromatography) to determine the mass, DLS (Dynamic Light Scattering) and 
TEM (Transmission Electron Microscopy) to determine the size. 
 
2.2.7.1 DETERMINATION OF NANOGELS MOLECULAR WEIGHT 
BY GPLC 
The GPLC (Gel Permeation Liquid Chromatography) is a liquid chromatography 
technique based on the HPLC devices but which uses a size exclusion chromatography 
column (SEC) to allow separation of macromolecules depending on their size. The 
solution containing a mixture of polymers is eluted through a size exclusion column, 
which is packed with a stationary phase having a surface characterised by a more or less 
regular porous capable of interacting with the elutes. During the elution the small 
particles interact with the porous stronger than the bigger and, as a result, the latter are 
less retained by the stationary phase coming out of the column with smaller retention 
times. Small retention times correspond therefore to bigger particles. However this is 
not enough to determine quantitatively the molecular weight because, in order to do 
that, a calibration curve is necessary. 
The calibration curve is made using different standard polymers of known molecular 
weight, usually linear polystyrene, which are not suitable standards for the 
polyacrylamide microgels synthesised during this project, since these are highly cross-
linked and thereby branched. For this reason, since a standard for microgels does not yet 
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exist, it was decided to use PMMA (Poly-Methyl-Meth-Acrylate) as standard, given its 
branched nature that could better represent the nature of the microgels taking into 
account the degree of cross-linking of the polymer. 
The calibration curve was made using PMMA polymers of different molecular 
weight, for which the retention times were determined using DMSO. By plotting the 
molecular weight (MW) as a function of the retention time an exponential curve was 
obtained, which was transformed into a linear relation by plotting the logMW versus 
retention time. Determining the retention time of the unknown sample and using the 
parameters derived from the calibration curve it was then possible to establish the 
molecular weight of the unknown sample of the aldolase nanogels. An average 
molecular mass between 258 and 288 kDa was found for the preparations, this value 
being on line with the ones obtained by Wulff et al. of 262 kDa for nanogels 
preparations with the same CM and measured instead by membrane osmometry.[109] 
On the basis of literature data regarding the size of the microgels, which report an 
average molecular weight ranging from 10 to 500 kDa for Biffis,[159] 200 to 1000 kDa 
for Funke [196, 198] and 20-40 kDa for Graham,[157] and in particular, by comparison with 
Wulff latest paper regarding imprinted nanogels, it was possible to define for sure the 
imprinted polymers as nanogels. 
However, the average molecular weight is not enough to claim the nanogels nature 
of these polymers gels and therefore their size was characterised using DLS and TEM. 
 
2.2.7.2 DETERMINATION OF NANOGELS PARTICLE SIZE BY DLS 
The average particle size was determined on DMSO solutions containing 0.5mg/ml 
of nanogel by using a Zetasizer Nano ZS instrument, (Malvern Instruments) based on 
Dynamic Light Scattering (DLS), which is sometimes referred to as Photon Correlation 
Spectroscopy (PCS) or Quasi-Elastic Light Scattering (QELS).  
This technique exploits the light scattering emitted from particles moving of 
Brownian motion. Basically, when a coherent source of light, such as a monochromatic 
beam of light generated from a laser, hits a colloidal solution, such as microgel solution, 
this interferes with the normal Brownian motion of the particles, which then scatter the 
light in all directions. If the particles have size comparable or smaller than the 
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wavelength of the incident beam (generally <250nm) then the scattering is isotropic that 
is equal in all directions (Rayleigh scattering). The intensity of the scattered light tents 
to fluctuate, as a result of the random thermal Brownian motion, but it is possible to 
correlate these time-dependent fluctuations of the intensity with the speed at which the 
particles diffuse due to the Brownian motion. This speed is defined as translational 
diffusion coefficient (D) and allows determining the hydrodynamic radius d(H) of the 
particles via the Stokes-Einstein equation (Eq. 2.2.7.2.1) and therefore the size of the 
particles in solution.[199] 
 
As it is possible to understand from this equation, bigger particles move slower than 
smaller particles and therefore they have smaller diffusion coefficients, resulting in 
bigger hydrodynamic radius. It is important to notice that this radius is not the diameter 
of the particle core and, since the particle tent to swell differently in distinct solvents 
and since the viscosity changes as well, the size of the particles determined via DLS 
depends greatly upon the solvent used to perform the analysis. For this reason the size 
measured by DLS can be larger than the one measured using the electron microscopy. 
The analysis of the average particle size of the aldolase nanogels, after filtration 
trough PTFE filter to remove dust particles, was found to be in between 13 and 33 nm, 
confirming thereby the nanogels nature of the aldolase nanogels. To independently 
confirm the size of the nanogels, a TEM analysis imaging was performed, which will be 
discussed in the next section. 
 
2.2.7.3 DETERMINATION OF NANOGELS PARTICLE SIZE BY TEM 
The Transmission Electron Microscopy (TEM) is a technique, which allows 
enhancement of the performance of the traditional light microscopy with magnifications 
in the order of more than 10000 times. For this reason, this method of investigation is 
often used in the field of materials science and semiconductors as well as in cancer 
research or environmental analysis. 
d ( H) k T
3 pi η D 
= Eq.  2 . 2 . 7 . 2.1 
k  =   Bo ltzma n  Co n s ta n t
η  =  V isc o s ity
T  =  A b so lute  T emp e ra ture
D  =  T ra n ls atio n a l  Diffusio n Coeff icien t
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The advantage of this technique resides in the high-resolution images that are 
possible to acquire by using an electron beam, instead of the usual light beam. In fact, 
the electron beam, transmitted through a sample, interacts with it, forming an image, 
which can be magnified using electromagnetic lenses. These lenses, whose 
magnification can be adjusted by changing their distribution of the magnetic flux, allow 
the emerging beam to converge and focus on a fluorescent screen, a layer of 
photographic film or, more recently, to be detected by a CCD camera. 
The TEM images obtained are three-dimensional images characterised by more or 
less dark shadows. The darker areas are due to the little amount of electron transmitted 
through the sample whilst the lighter areas are the ones where larger number of 
electrons passed through. This combination of darker and lighter areas, due to the 
thickness of the sample analysed, enables the generation of the TEM images (Figure 
21). 
21A)   21B)  
Figure 21: TEM images of the aldolase nanogels particles showing a small size distribution (scale bar: 
100nm). The particles were stained by using OsO4 and the average diameter particle resulted  ≈ 20nm. 
A) magnification x 10000; B) magnification x 50000. 
To increase the contrast of the images and thereby the resolution, the nanogels 
particles in water were stained with osmium tetroxide, OsO4, a common oxidizing agent 
used to stain biological cells, darkening particles by oxidizing double bonds. The 
samples were prepared for the analysis by adding 250µl of a 4% wt/wt solution of OsO4 
to 1 ml of a 1mg/ml stock solution of nanogels in water. The mixture was left to react 
for 1h, after which was dialysed overnight against water to remove the excess of 
oxidant, that might affect the detection of the particles by TEM. The original sample 
was then diluted 1/10, a drop of which is deposited into a copper grids carbon coated, 
and the image taken via a CCD camera. 
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The TEM images of imprinted nanogels are shown in Figures 21 (A and B), 
where the use of the oxidizing agent reveals even the smaller particles. The average size 
of the particles is around 20nm diameter, as evidenced by the figure 21B, and the large 
particles in figure 21A could be mainly due to a concentration effect due to the solvent 
(water) or the drying process, which promoted the particles aggregation. This feature 
can be also observed in the images of nanogels particles synthesised by Wulff et al., 
where imprinted nanogels with diameter around 10 – 20 nm were obtained.[109] 
 
2.2.8 SUMMARY OF NANOGELS SYNTHESIS 
The experimental evidence obtained so far indicates that, the molecularly imprinted 
polymers obtained in this research project using CM = 0.5 and 80% cross-linker seem to 
satisfy the requisites in terms of solubility, molecular weight and size and can be 
therefore defined as nanogels. 
These materials are soluble in organic solvents such as DMSO and DMF, giving rise 
to homogeneous colloidal solution. Moreover, they have been shown to have an average 
molecular weight of 270kDa, as determined by GPLC using a PMMA standard. The use 
of this standard prevented a common overestimation due to use of linear polystyrene 
and the data are consistent with what is estimated for similar nanogels, obtained by 
post-dilution method and determined by membrane osmometry. Furthermore, the 
analysis of the particles size, using DLS technique, showed a range comprised between 
13 and 33nm, which was also confirmed by TEM. 
After achieving the first objective of this project, the synthesis of soluble imprinted 
nanoparticles, the next phase of the work focussed on the kinetic characterisation of the 
soluble macromolecules, exploiting their properties to determine the catalytic activity 
and the kinetic parameters. 
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2.3  NANOGELS KINETICS 
 
2.3.0 INTRODUCTION 
While the previous section described the synthesis and physical characterisation of 
the nanogels as novel imprinted materials, the present section will describe their kinetic 
characterisation. Given the expertise in enzymology available in the group where this 
project was carried out, one of the key focuses of this work was the accurate estimate of 
the kinetic parameters. Ultimately these data would be used to evaluate whether the use 
of the nanogel format in molecular imprinting is a superior choice when an enzyme 
functional mimicry is the target.  
The first part of this chapter describes and discusses the work carried out. This will 
be followed by the kinetic characterisation of the catalytic activity of imprinted 
nanogels, toward the cross-aldol reaction between 4-nitrobenzaldehyde (10) and 
acetone, and by the estimate of binding/catalytic sites in the polymer preparations.  
 
2.3.1 EVALUATION OF ACTIVE SITES CONCENTRATION 
The knowledge of the concentration of active sites in supramolecular species with 
catalytic properties, either protein or synthetic polymers, is an important factor in order 
to obtain significant values for kcat, from the experimentally determined Vmax, and to 
compare the catalytic efficiency. The methods available for the determination of the kcat, 
either in natural enzymes or their synthetic counterpart, are strictly dependent upon the 
chemical nature of the functional unit.[12, 14] The most common technique used in 
molecular imprinting involves the calculation of the binding sites by performing 
rebinding experiments that involve quantification of template uptake by the polymer 
matrix. Other examples for determining binding sites in polymer matrices exploit 
specific features of the catalytic centre. In the case of imprinted polymers based on 
metal complexes, for instance, the number of binding sites can be determined by using 
potentiometric techniques making use of the redox capabilities of the metal,[101] or, as 
recently published by Allender et al. using, where possible, the EXAFS to identify 
changes in the coordination shell of the metal (Co(II) in this example.[200] 
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In the literature related to enzyme kinetics there are some examples of the use of a 
chemical reaction that involves the enzyme active sites with a substrate or a site-specific 
inhibitor, i.e. “all-or-none” assay.[201, 202] This technique is based on the stoichiomeric 
release of chemical species, easily observable using physico-chemical methods, as a 
result of the reaction, so that is possible to correlate this concentration with the one of 
the active sites.[13, 203] However, to the best of my knowledge, there are no examples of 
such a method used to determine the concentration of active sites in catalytic imprinted 
polymers. 
The polymers used in this project were synthesised using the high dilution radical 
polymerisation approach. The current protocol has a two-steps isolation process that 
includes dialysis of the polymer solution and freeze-drying to obtain a solid powder, as 
described earlier. The dialysis is carried out using a membrane with cut off value of 
3500 kDa. The aim of this is to remove not only the template, released from the 
imprinted sites, but also the small particles and short oligomers that are formed during 
the reaction. As a result the yield of polymeric material is always lower than the 
theoretical value, and therefore the concentration of binding/catalytic sites can also be 
less than the amount of functional monomer used. Multiple repetitions of some polymer 
preparations have shown that the results in terms of chemical yields are reproducible 
and are mainly affected by the value of CM used. 
It is clear that, if the theoretical concentration of functional monomer in a 
preparation is used to calculate the value of kcat, this would lead to an underestimated 
value of the rate constant; it is therefore necessary to establish at least an upper limit for 
the binding site concentration. However, since the nanogels are the outcome of a 
random rather than an ordered polymerisation process, it is unlikely that all the 
functional units will be inserted in the three-dimensional cavity. The functional groups 
can be expected to be spread in three different groupings. The first fraction will contain 
catalytic sites, able to bind the substrate and catalyse the reaction (CC), the second will 
be made of binding sites, able to bind the substrate but not catalytically active (CB) and 
the last will be the one completely inactive (CI), with no binding properties and no 
catalytic activity. 
CTOT = CC + CB + CI  Eq. 2.3.1 
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These three types of sites reflect the self-assembly mode of the co-monomers and 
cross-linker around the template-monomer complex in the pre-polymerisation stage and 
their reciprocal position after polymerisation. The inactive sites originated either by a 
polymer network developed so tight around the imprinting complex that the template 
cannot be removed from the cavity, irreversibly inactivating the functional catalyst, or 
by simply not being accessible to the substrate. The binding sites are able to react with 
the substrate but unable to perform a catalytic cycle due, for instance, to irreversible 
binding of the product or incorrect fitting of the substrate into the cavity. Finally, the 
catalytic sites are capable of binding the substrates and successfully perform catalytic 
cycles. 
From the point of view relevant to this project, it was important to find a method 
capable of establishing the number of proline units available in the polymer in order to 
estimate an accurate value of kcat associated with the polymers. A common approach 
used in the field of molecular imprinting is based on the study of the rebinding 
capabilities of the matrix. The polymer is packed in an HPLC column and incubated 
with a template solution of a known titre for a certain period of time, to allow template 
rebinding from the cavities. The template is then eluted and the concentration measured, 
giving the value of the binding capacity. 
Given that the active sites of nanogels used for this work contain proline moieties, a 
method suitable for the determination of amine functional groups was needed. Two 
different approaches were investigated: the rebinding of the template used to imprint the 
cavities and a chemical titration making use of the irreversible acetylation of the proline 
nitrogen by 4-nitrophenyl acetate. 
 
2.3.1.1 TEMPLATE REBINDING 
The first approach is based on the capability of the nanogels to rebind the template. 
The proline moieties in the polymers can react again with the 1,3-diketone template to 
form the enaminone that can be quantified by HPLC analysis. 
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Scheme 52: Rebinding of the diketone (197) in the MIP cavity. 
The nanogels were dissolved in a mixture of DMSO/DMF and allowed to react with 
the template. The experiments were performed under inert atmosphere using 0.25mg of 
polymer and 1.1 equivalents of diketone, and left to react for 48h at 40˚C. Given the 
degree of polarity of the components present in the reaction mixture, the solutions were 
analysed using an HPLC-RP. The reversed phase technology was chosen instead of the 
normal phase for two reasons. The first was that this could ensure a better resolution of 
the components of the mixtures in a more reasonable timeframe compared with the 
normal phase. The second was that the use of acidic water as eluent guarantees the 
complete quenching of the reaction once streamed from the injector to the column. 
The elution was performed with a gradient of 
ACN/water (0.1%TFA) and the concentration of diketone 
was evaluated, from the chromatogram, by mean of a 
reference line made using the methyl-4-nitrobenzoate 
(207) as internal standard (see section 2.3.2). The number 
of active sites was estimated by calculating the difference of the diketone concentration 
between time zero (when the reaction started), and after 48h at 40˚C (when the reaction 
was complete), using the reaction with no diketone to estimate the background due to 
207
O
O
O2N
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possible side reactions in solution. The concentration of diketone reacted was taken as a 
direct measure of the concentration of active proline. This procedure allowed 
determining the concentration of the incorporated proline, which was found to be 77 
µM, corresponding to 52% of the initial amount of monomer, when using a 
concentration of 0.25 mg/ml of imprinted polymer MIP-AS147.  
The results obtained with the rebinding of the diketone indicated approximately 50% 
incorporation of functional monomer into the polymer matrix. Although these results 
were interesting, the method showed some limitations, with results that were not very 
consistent and that were susceptible to small changes in the experimental conditions. 
This was deemed to be due to the reversible nature of this reaction. It was therefore 
decided to investigate a second approach, using an irreversible chemical reaction to 
estimate an upper limit for the concentration of active sites. 
 
2.3.1.2 ACETYLATION OF PROLINE UNITS 
Chemical compounds containing the 4-nitrophenol moiety are frequently used in the 
field of kinetic analysis, especially in the studies of hydrolytic reaction where the 4-
nitrophenol (2) or 4-nitrophenolate (208) (depending on the pH of the medium) are 
produced. The reason for this resides in the spectroscopic properties of these structures; 
in fact, they possess a strong absorption in the visible region of the spectrum, even at 
low concentrations, because the conjugation between the oxygen and the nitro-group 
makes them good cromophores and very stable structures, especially in the phenolate 
form. This feature can be used to determine the concentrations of other substances, 
which release them following a chemical transformation, such as hydrolysis, involving 
reagents containing the 4-nitrophenol unit (Scheme 53). 
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Scheme 53: Chemical structures of 4-nitrophenol (2A) and 4-nitrophenolate (208A) with one of their 
resonance structures are shown. 
While designing an experiment to estimate the upper value of the active sites of the 
aldolase polymers, the use of 4-nitrophenyl acetate, as a reacting agent, was considered 
as a result of previous research experience acquired in the group, during the 
investigation of hydrolytic reactions involving 4-nitrophenylcarbonate.[26, 27] However, 
since a carbonate derivative was not suitable for the purpose of determining secondary 
amine functionalities such as proline, the idea was to find a chemical compound, 
containing a 4-nitrophenol group, which would be able to react, inactivating irreversibly 
the proline and contextually releasing the 4-nitrophenolate. Given that the proline can 
react with a 4-nitrophenyl ester in a 1:1 ratio, releasing an equimolar amount of 4-
nitrophenolate, the concentration of the latter can be used as indirect measure of the 
amount of the proline. 
A reaction that is suitable for this purpose is the ester amminolysis (or nitrogen 
acylation), where an amine is acylated while releasing the corresponding alkoxyde.       
4-Nitrophenyl acetate (23) is a chemical compound that presented all the characteristics 
since it can acetylate proline units releasing an equimolar amount of 4-nitrophenol (or 
4-nitrophenolate, depending on the pH of the medium) moieties (Scheme 54). 
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Firstly the method was developed by monitoring the progress of the reaction, 
between a proline-derivative and the 4-nitrophenylacetate, at λ = 319 nm with the UV-
Vis spectrophotometer. Changes in absorbance at 319 nm were not significant enough 
to apply this method and therefore it was decided to find an alternative route using 
HPLC analysis to overcome that problem. This was carried out by using a specific 
gradient ACN/water (0.1%TFA) and a reference line made with the same internal 
standard and procedure previously used to make a reference line for the diketone.  
4-Nitrophenyl acetate (23) was recrystallised from ethanol and a 25mM stock 
solution was made in anhydrous DMSO, kept frozen and defrosted only before use, to 
ensure the maximal stability of the compound toward hydrolysis. This, in fact, might be 
ignited even by small traces of water present in the DMSO and, probably, accelerated 
by the great polarity of the solvent, which can stabilise the products. However, although 
the DMSO could be considered not the best solvent choice, due to its ability of 
absorbing easily water, special care has been taken in order to prevent this possibility by 
using only dry DMSO, stored under nitrogen in a sure/seal bottle. The choice of using 
Scheme 54: Amminolysis of 4-nitrophenolacetate (23) operated by proline-derivatives. During the 
hydrolysis the proline nitrogen is irreversibly acetylated releasing an equimolar amount of 4-
nitrophenol (207). 
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DMSO was dictated by the need of having a complete homogeneous solution of 
nanogels, which was accessible only by using a mixture of 20%DMSO in DMF. As an 
additional control measure, whenever the colour of the stock solution changed from pale 
yellow to strong yellow, the solution was discarded and a fresh one prepared, since the 
change in colour is a clear indication that the phenyl-acetate is hydrolysed. 
Nevertheless, the purity of the solution was further verified by injecting samples in the 
HPLC and making sure that the purity of the solution did not drop below 99.9%.  
A full set of preliminary experiments indicated that, in the reaction conditions, it 
was possible to detect only 4-nitrophenol (2) and not 4-nitrophenolate (208), therefore 
the detector was set up at λ = 319 nm, instead of 405 nm, to optimise the sensitivity 
towards that analyte. The estimation of the active sites concentration was carried out by 
evaluating the concentration of 4-nitrophenol, determined using the slope of the 
calibration curve after subtracting the background. The chemical titration of proline 
with 4-nitrophenyl acetate (23) was tested with a solution of proline 1.16mM, and, after 
analysis of the experimental data, a concentration of active sites equal to1.27mM was 
determined using the method above described. This showed that there was 
approximately 10% variability associated with the system, nonetheless the error was 
considered to be small enough to try this method with the imprinted polymers. 
The titration of the imprinted polymers was performed using the same amount of 
polymers already used for the template rebinding, that is 0.25mg/ml of polymer 
dissolved in 20% DMSO in DMF, in order to allow direct comparison of the results. By 
using this method it was possible to establish that the concentration of active sites for 
0.25mg/ml of polymer MIP-AS147 corresponded to 79µM and for the NIP-AS133 to 
69µM. Another experiment was carried out using 0.58mM proline and 1mg/ml of MIP-
DCP1, dissolved in 20% DMSO in DMF, using 1 equivalent of 4-nitrophenylacetate 
with results of 0.69mM for the proline sample (16% overestimation) and 0.29mM for 
DCP1. The values for 0.25mg/ml of polymers therefore correspond to 73µM for the 
DCP1. From these results it is possible to see that the polymers AS147 and DCP1 
posses very similar numbers of active sites. This confirms that polymers, made 
following the same protocol, have comparable number of active sites, as resulted for the 
DCP1, which was prepared exactly in the same way as AS147. 
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2.3.1.3 ACCURATE SITES CONCENTRATION 
The results obtained for 0.25mg/ml of imprinted polymer AS147 using the two 
methods, 77µM for the rebinding and 79µM for the chemical titration, are consistent 
with each other. Moreover, the chemical titration of the imprinted polymer DC-P1, 
obtained as a replica of the AS147, gave a similar value, 73µM, confirming that, 
although the results are slightly overestimated (roughly 10%), they can give reliable 
values. These results are supported by the fact that the method used was developed and 
validated using solutions of the free catalyst proline. 
The existence of a difference between the MIP and NIP numbers of active sites 
might lead to the conclusion that this difference, equal to 10µM, is due to the active 
sites present in the MIP’s cavities. In reality this cannot be confirmed because the 
polymerisation processes by which the NIP and MIP are generated might be somewhat 
different. This might be due to the fact that the NIP is obtained by polymerising the 
functional monomer whilst the MIP is obtained by polymerising the template-monomer 
complex, which is chemically different from the functional monomer alone, as the 
presence of the template might have altered the chemical properties. 
The sensible drop in the polymerisation yield of the MIP, if compared with the NIP, 
was already noticed during the nanogels recovery (see section 2.2.6, Table 2). One of 
the reasons that could explain this fact can be envisaged in the feature of the highly 
conjugated structure of the template-monomer complex (198) and, in a less extent, the 
template itself (197) that can both act as radical inhibitor, since they are able to stabilise 
the radical by delocalisation on the overall structure.  
In view of this fact, although the idea was very appealing, it has not been yet 
possible to confirm that the concentration of “functional cavities”, or “operational 
molarity”,[14] in the MIP was equal to 10µM. If it were possible to confirm this result, it 
would have meant that the rate of the reaction could be 7 times higher than the one 
actually obtained. These results were considered consistent enough to progress in the 
project. Further work on this particular topic could investigate how the concentration of 
binding sites in a polymer preparation is influenced by the experimental parameters 
such as CM, cross-linker, and solvent system used. 
Having estimated an upper limit for the nanogels active sites concentration, the next 
phase of the project focussed on the investigation of the catalytic activity of the 
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nanogels. The following sections will discuss the method used to perform the kinetic 
analysis and the results obtained. 
 
2.3.2 KINETIC ANALYSIS:             
 DEVELOPMENT OF A SUITABLE ANALYTICAL METHOD 
The field of kinetics is a useful tool that, by studying the rate of chemical reactions 
allows the investigation of the mechanism with which the catalyst operates, permitting 
also comparison of different catalysts. The study is generally based on the analysis of 
the reaction progress by determining the variation of product/substrate concentration 
with the time.  
A number of different approaches can be used to detect and quantify product 
formation, depending on the chemical structure of the products and the amounts 
involved. The use of UV-Vis spectroscopy is advantageous because it is very quick and 
accurate. Moreover, it allows generation of a considerable amount of kinetic data in a 
relatively small timeframe. In this project, this was not possible because the UV-Vis 
spectra of the starting substrate and products were too similar to provide reliable data. It 
was then decided to use the high performance liquid chromatography with a reverse 
phase column (HPLC-RP) and a double channel UV-Vis detector, a very accurate 
method, which allows simultaneous identification and monitoring of all the components 
of the reaction mixture and formation of any undesired side product. This technique is 
very time-consuming, since it involves the development of a method suitable to analyse 
complex mixtures and a significant amount of time to carry out each analysis. 
 
2.3.2.1 EXPERIMENTAL CONDITIONS FOR THE ANALYSIS:  
 USE OF REFERENCE LINE AND INTERNAL STANDARD 
The development of the analytical method started with the evaluation of the single 
retention times of each separate component of the reaction mixture: 4-nitro-
benzaldehyde, acetone, β-hydroxyketone (195), condensation product (196) (Scheme 
55), DMSO and DMF, using an isocratic mixture 50/50 of ACN and water with 0.1% of 
TFA. The ratio of the two solvents was varied in order to optimise the resolution of the 
various components to find the best conditions in a 55/45 ratio. Unfortunately, after the 
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initial experiments, it became apparent that the retention times of the 4-
nitrobenzaldehyde and aldol product were always too close, making it difficult to use an 
isocratic elution to carry out the analysis. The experimental conditions for the elution 
were then further improved by developing several gradients approaches, to find the best 
conditions for a satisfying elution profile (see section 3.6.1). 
 
Scheme 55: Cross-aldol reaction between 4-nitrobenzaldehyde and acetone to give the aldol addition 
(195) and aldol condensation (196) products. 
The accuracy of a HPLC methodology relies on the reproducibility of the volumes 
injected using a standard loop in order to have areas proportional to the analytes. 
However, by carrying out experiments over a long period of time, like days, possible 
variations of temperatures and therefore of volumes can have an effect. In addition, 
small problems with injectors or other parts of the instrument and small differences in 
the operator’s hands can make results reproducibility more difficult to achieve. To avoid 
all these problems, it was important to introduce the use of an internal standard and a 
reference line. These increase the reproducibility of the results by normalising the 
product areas by the area of the internal standard. The choice of the internal standard 
has to take into account two requisites. Firstly, it has to be chemically inert with the 
reaction components to prevent side-reactions, which can alter the composition of the 
mixture; secondly, it has to have a retention time which does not interfere with the 
others. The latter can be deduced on the base of the polarity of the functional groups 
present in the structure but it has to be verified anyway experimentally, although it 
depends on the selectivity of the column as well. 
For the purpose of this project different internal standards were evaluated with the 
aim of finding one, whose retention time was either lower or higher than all the others. 
The first chemicals tried as internal standard were polar compounds with structures not 
too different from the ones of the reagents, to minimise the length of the run, but with 
more polar groups, such as benzoic acid, benzyl alcohol and 4-nitrophenol. It was 
expected to see them coming out very close to the front of the solvent but instead they 
came out in the middle of the chromatogram, interfering with the others. The second set 
Chapter II: Results and Discussion – Nanogels Kinetics 
 
 
136
of internal standards had low polar groups to push them at the end of the run, after the 
benzaldehyde and the condensation product, but either 4-methoxybenzyl alcohol, the 4-
nitrophenyl acetate (23), and the methyl-4-nitrobenzoate (207) did not move very far 
from the last components, the condensation product. Among them the best results were 
obtained with the methyl-4-nitrobenzoate, which came out soon after the condensation 
product.  
It was decided to use this as internal standard and try to optimise the gradient to 
increase the resolution of the peaks. After several attempts of changing the gradient 
around the retention time of the internal standard, a satisfactory compromise was found 
that allowed integration of all the areas without cross-interferences, starting the gradient 
with a ratio ACN/water (0.1%TFA) equal to 30/70 and reaching 85/15 after 14 minutes. 
Unfortunately, although the last component, the internal standard, was coming out at 14 
minutes (see Figure 23), the length of the run had to be brought up to 26 minutes to 
allow re-equilibration of the column before the following injection. In fact, attempts to 
shorten the length resulted into an unbalance in the column pressure, which had 
repercussion in the following run. The wavelength of the two detectors were fixed at 
283 nm and 254 nm, to in increase the sensitivity in detecting the aldol product even in 
low concentrations, since 283 nm is the wavelength of maximum absorption of the aldol 
product in a mixture of water/ACN.  
 
 
Figure 22: Standard HPLC chromatogram with the components deriving from a cross-aldol reaction 
between 4-nitro-benzaldehyde and acetone plus the internal standard. 
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After developing a suitable gradient for this study, the next step was the generation 
of a reference line to allow the evaluation of the concentrations of the products of the 
reaction, that are the β-hydroxyketone (195) and the α,β-unsaturated ketone (196), 
obtained by the competing aldol condensation (see section 2.3.3.5). A stock solution of 
methyl-4-nitrobenzoate (207) in DMSO was prepared using a volumetric flask. Three 
stock solutions of the purified compounds in DMSO were prepared independently for 
each of the products, using volumetric flasks. From these stocks, using a cross-dilution 
process, 12 diluted solutions were prepared to cover an interval of concentrations 
ranging from 50µM up to 2mM (Graph 1).  
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Graph 1: Reference line for β-OH-Ketone (195) (aldol product) using methyl-4-nitrobenzoate (207) as 
internal standard. The value for each concentration was determined preparing independently three 
different samples and analysing them by HPLC. 
The cross-dilution method, relying on the independent preparation of 3 stock 
solutions, should allow the identification of any significant experimental mistake 
occurred during the preparation of the solutions. The experimental data, plotted on an 
area vs. product concentration graph, should be easily fitted to a straight line, the slope 
of which should give the correlation factor. From each of the diluted solutions 100µl 
were sampled, added to a vial containing 5µl of internal standard and 25µl of the 
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resulting solution were injected in the HPLC. Each experiment was repeated three 
times, to estimate the experimental error associated with the readings. For each 
chromatogram the area of the product and the one of the internal standard were 
integrated manually using a valley-to-valley integration. This was due to the fact that 
the automatic integration proved to be unsatisfactory for the kinetic purposes, since it 
was not able to measure correctly the small areas related to the low concentrations of 
product in the early stages of the kinetic. 
The advantage of using an internal standard is that experimental mistakes due to 
variations of volumes injected are offset because of the ratio of 2 areas. By plotting the 
ratio of the areas against the concentrations of the products it is then possible to create a 
reference line, which allows estimate of the concentration of the products in the reaction 
mixture when using the same conditions used to generate the reference line. From this 
plot, in fact, it is possible to calculate a conversion factor, the slope of the linear curve 
m (4399.4 ±12.94, standard error ± 0.28%), which can be used to convert the ratio in 
concentration of product with the high accuracy required for a kinetic analysis 
(Equation 2.3.2.1). 
 
The stock solutions of 4-ntrobenzaldehyde and organocatalysts were prepared using 
class A volumetric flasks while the acetone was used neat. The stock solutions of 
imprinted polymers were prepared weighing the catalyst in a vial with a 5 figures 
balance and measuring the volumes of solvents (DMF and DMSO) with gastight 
microsyringes having an accuracy of ±1%. The same type of syringes was used to 
measure the volumes of reagents used to set up the reactions and to take the reactions 
samples. The first kinetic measurement was taken after 3min from the starting time, 
counted using a stopwatch started at the exact moment of the 4-nitrobenzaldehyde 
addition and the following measurements were timed with 27min intervals according to 
the stopwatch (30min, 57min, 1h24min, 1h52min and 2h20min). The times are referred 
to the exact moment when the trigger of the HPLC was operated allowing the reaction 
sample, contained in the 20µl loop, to be streamed by the mobile phase into the column, 
quenching therefore the active catalyst. 
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The kinetic experiments were performed by adding the acetone to the solution of the 
catalyst and then starting the reaction by addition of the 4-nitrobenzaldehyde. Samples 
of the reaction mixture were added to a fixed amount of internal standard and injected in 
the HPLC-RP to be analysed. The concentrations of the product were calculated by 
analysing the chromatograms, determining the areas for the products and the internal 
standard, and using the reference line. The values of product concentrations were 
plotted as a function of time and the linear part of the curve was used to determine the 
initial rates. 
2.3.2.2 MONITORING OF THE REACTIONS 
A common issue with the use of the HPLC for the kinetic analysis of a reaction is 
the use of quenching to stop the progress of the reaction. The quenching offers an 
undoubted advantage when a fast reaction needs to be monitored, because the samples 
can be acquired in a short timeframe and analysed later. Moreover, if the injection or 
elution of the compounds is affected by some experimental problems, this can be 
always repeated using the same sample. The negative aspect of the quenching is that the 
addition of another chemical compound can affect the solution mixture by generating 
side reactions and therefore requiring additional studies. 
The literature data regarding the proline-catalysed aldol reaction, often reported 
procedures where the mixture is quenched with ammonium chloride or diluted 
hydrochloric acid and the crude purified prior to the evaluation of the enantiomeric 
excess. For this reason the first series of kinetic experiments performed during this 
project were carried out by quenching the reaction with a diluted solution of 
hydrochloric acid. In particular, the aliquots of reaction mixture were added to vials 
containing a fixed amount of acid solution (5µl) and internal standard (5µl). The acid 
was used instead of the ammonium chloride because the latter could cause a blockage of 
the HPLC column by depositing inside the inlet.  
The experimental data seemed to indicate that the addition of acid to the reaction 
mixture was favouring side-reactions, therefore altering the mixture composition. 
Having unsuccessfully attempted to quantify this effect, it was decided to avoid the use 
of quenching and the reaction conditions were adjusted so that the reaction could be 
monitored in real-time with injection every 27 minutes. 
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2.3.3 ENZYME-LIKE KINETIC OF THE CROSS-ALDOL REACTION 
The literature regarding kinetic analysis is wide and various, ranging from a 
description of protein-based catalyst to organometallic complexes via the enzyme 
mimic, which include the molecularly imprinted polymers. Each of these types of 
catalyst necessitates of different conditions, which depend on their physico-chemical 
nature and especially the features of the reagents involved in the reaction they catalyse. 
 For the purpose of this project it was decided to investigate the catalytic activity of 
these molecularly imprinted nanogels by using the analytical tools employed for the 
analysis of the enzyme kinetics, given that our imprinted polymers were designed to be 
enzyme-mimic, inspired by the mechanism of the aldolase I enzyme.  The next section 
will thus introduce briefly the theory of the enzyme-like kinetic used in this thesis. 
 
2.3.3.1 MICHAELIS-MENTEN / BRIGSS-HALDANE EQUATION 
Multi-substrate reactions, according to the terminology introduced by W. Wallace 
Cleland in 1963,[204, 205] are named depending on the number of substrates participating 
in the forward reaction, and of products in the reverse reaction, using the terms uni, bi, 
ter. For example, a reaction involving two substrates converted into one single product 
is called a bi-uni system and the associated mechanism will be termed bi-uni 
mechanism. If all the substrates must be bound to the enzyme before the product can be 
released, then the mechanism is called sequential, and it can be either random, where 
the binding order does not matter, or ordered, where the substrates bind to the enzyme 
in a specific order. 
 The intermolecular cross-aldol reaction, catalysed by an enzyme-mimic via 
enamine mechanism, can be thus described as a sequential ordered bi-uni reaction. In 
particular, the reaction between acetone (S1) and 4-nitrobenzaldehyde (S2) to give the 
corresponding aldol product (P) (Scheme 56) is therefore a bimolecular reaction with 
respect to the reagents.  
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Scheme 56: Cross-aldol reaction between acetone (S1) and 4-nitrobenzaldehyde (S2) to give the 
corresponding β-hydroxy-ketone (P). 
 
In the case of the cross-aldol reaction catalysed by an enzyme-mimic via enamine, 
the catalyst reacts with the acetone to form the enamine, which further reacts with the 
aldehyde to give the aldol product. The following equations can help to schematise the 
mechanistic steps of this reaction and provide a tool to simplify the system. The first 
equation (Eq. 2.3.3.2) describes the reaction between the acetone (S1) and the proline 
moiety (E), attached inside the polymer cavities, to generate the enamine (E.S1), which 
can be considered as the first polymer-substrate complex. 
 
The second equation (Eq. 2.3.3.3) explains how this activated complex reacts with 
the second substrate, the 4-nitrobenzaldehyde (S2), to generate the second polymer-
substrate complex (E.S1.S2), which evolves in the polymer-product complex (E.P) and 
further in the free polymer (E) and product (P). 
 In view of the fact that this is a second order reaction with respect to the reagents, the 
rate of this reaction is proportional to the decrease of both substrates, S1 and S2, and 
proportional to the increase of the product, P, as from the equation: 
 
The rate is then dependent on the two substrates concentrations and therefore cannot 
be solved unless one of the concentrations is regarded as a constant. In order to do that, 
one of the substrates must be used in such a large excess that its concentration remains 
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practically constant throughout the reaction, simplifying the system down as if it was a 
first order. Under these conditions the reaction is described as pseudo-first order and the 
corresponding rate constant is the pseudo-first order constant, described by the 
following equation 2.3.3.5. 
 
When considering the catalytic system, constituted by the imprinted polymer (E), 
the acetone (S1) and 4-nitrobenzaldehyde (S2), it is possible to make some assumptions 
that will simplify the kinetic analysis of this bimolecular system. If a large excess of 
acetone is used to carry out the cross-aldol reaction, its concentration can be considered 
constant during the reaction. This assumption entails that, in the pseudo first order 
conditions due to the large excess of the acetone, the rate of the forward reaction k+1[S1] 
is much higher than the reverse k
-1[E.S1] (Eq. 2.3.3.2). This means that the enamine 
(E.S1) is generated faster than it is consumed by the reverse reaction and therefore the 
proline can be considered present essentially as enamine, (E.S1), therefore greatly 
simplifying the treatment of the kinetic expression of the system. This, in fact, leads the 
system to be considered as a uni-uni model (Eq. 2.3.3.3) allowing the use of the single-
substrate expression for the determination of the kinetic parameters as a function of the 
substrate S2 only. The equation 2.3.3.3 can then be rewritten, substituting the notation 
for the enamine E.S1 with the new notation E*, as:  
  
The catalytic activity of enzyme-like imprinted polymers, in order to acquire 
parameters, such as Vmax and Km, meaningful from a point of view of enzyme kinetic, 
has to be done following the requirement of the Henry-Michaelis-Menten rapid 
equilibrium or Briggs-Haldane steady-state. Both approaches, although conceptually 
slightly different, limit their investigation to the “initial” phase of the equilibrium where 
the concentration of the substrate, S2, exceeds so much the one of the catalyst, E*, that 
all the catalyst is present as complex E*.S2, and the velocity depends on the rate of the 
chemical transformation of this complex in the product, P, overall considered as a first 
order rate constant. The equilibrium can be then simplified as follow: 
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k’+3 combines all the constants relatives to the formation of the E.P complex and the 
release of the product P.  By taking into account the equilibria involving the central 
complex E*.S2 during the steady-state assumption, where the rate of formation of the 
complex E*.S2 from E*+S2, k+2, matches the rate of decay, k’+3, of E*.S2 into products 
E+P, it is possible to write an equation, known as Briggs-Haldane, describing the initial 
velocity as a function of the substrate concentration S2, and the one of the activated 
polymer E* (Eq. 2.3.3.8). 
v7 = 89:;<=>;?@=ABCD@9C9:C9@ EF;?@=A
   Eq.2.3.3.8 
 A specific form of this equation can be written when the system follows the 
conditions of rapid equilibrium in which the rate, k’+3, of the decay of the central 
complex E*.S2 into product E+P, is much slower than the rate, k-2, of the decay of the 
complex back into the substrate E*+S2, (k-2>>k’+3). This equation is normally referred 
to as Henry-Michaelis-Menten equation (2.3.3.9). 
G = %9:;<=>;?@=ABHD@H9@EF;?@=A
     Eq.2.3.3.9 
Both equations describe the initial phase of the kinetics, where the concentration of 
product is still negligible, the substrate concentration is not changed sensibly from the 
initial value ([S2]0) and [E]T is the total concentration of the polymer active sites. These 
equations can be substituted by one introducing a different notation that groupes all the 
constants in the first term of the denominator of the equation 2.3.3.9. 
G = %IJ;<=>;?@=AK	F;?@=A   Eq. 2.3.3.10 
This equation describes the initial velocity of the reaction as hyperbolic function of 
the initial substrate concentration. Since the maximum asymptotic value of this curve is 
described by the terms at the numerator other than the substrate concentration, it is 
possible to introduce an expression for the maximum velocity 
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By substituting this expression in the previous the equation 2.3.3.9 can be written as 
G = L	JM;?@=AK	F;?@=A     Eq. 2.3.3.12 
When this equation describes a rapid equilibrium, then it is referred to as Henry-
Michaelis-Menten as well as to the Km presents in it. On the other hand, when it 
illustrates a steady-state, the equation is known as Briggs-Haldane. Independently from 
which condition is considered, the constant Km is defined as [S2]0 when vi = Vmax/2, 
when the kinetic profile is described by a saturation curve. This definition derives from 
the equation 2.3.3.12 by substituting the value of Km with the [S2]0 and simplifying it. 
The importance of the parameter Km resides in the fact that it describes the 
concentration at which the vi is half of the maximum velocity in rapid equilibrium or 
steady-state conditions. This means that since, under these conditions, Vmax is directly 
proportional to enzyme concentration (Eq.2.3.3.11), Km is indicative of the substrate 
concentration corresponding to half the saturation of the enzyme. In other words, Km is 
a relative measure of the binding affinity of the enzyme for the substrate. For this reason 
the lowest is the value of this parameter the highest the affinity of the enzyme for the 
substrate, because it signifies that the enzyme is saturated at lower substrate 
concentration. 
 
Figure 23: Illustration of a Henry-Michaelis-Menten curve. 
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The second kinetic parameter is Vmax, which is used to determine the value of kcat 
and represents the asymptotic value of velocity that an enzyme, or an enzyme-mimic, 
could reach in saturation condition and infinite substrate concentration. Another 
important kinetic parameter is given by the value of the kcat, which can be derived 
rearranging the equation 2.3.3.11.  
N = L	JM;<=>       Eq. 2.3.3.13 
This parameter describes the number of catalytic turnover events occurring per unit 
of time but, being independent from the concentration of the enzyme, it offers even a 
useful tool to compare the activity of different enzymes or enzyme-mimics. This value 
expresses the maximum velocity that can be obtained at a fixed enzyme concentration 
and infinite substrate availability. 
 Another interesting parameter that can be obtained by the ratio of kcat /Km is the 
catalytic efficiency, which describes how often a molecule of substrate that is bound 
reacts to give products. This ratio has the units of a second-order rate constant and 
expresses the rate constant per enzyme unit that can be used to compare the 
effectiveness of different enzymes in converting a substrate into the product.[206] 
 Having introduced the necessary kinetic theory used in this thesis, the focus moves 
to the experimental conditions needed to determine the parameters above mentioned, 
and, in particular, the next section illustrates how the requirements to carry out kinetic 
analysis in pseudo-first order conditions were met. 
 
2.3.3.2 PRELIMINARY CONDITIONS TO PERFORM THE KINETIC 
ANALYSES 
For the purpose of this project it was decided to start investigating the progress of 
the cross-aldol reaction using the organocatalysts from which the functional monomer 
was derived. The kinetic characteristics of these organocatalysts will be discussed with 
more details later (see section 2.4). At this stage the attention is going to be focussed 
only on the process which led to develop the experimental conditions later used for all 
the kinetic characterisation performed with the polymers. 
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The first analyses of the cross-aldol reaction were carried out using either proline or 
(S)-N-(phenylsulfonyl)pyrrolidine-2-carboxamide (182), from now on called simply 
ProBS as for Proline-Benzene-Sulfonamide. Literature data regarding organocatalysed 
cross-aldol reactions often reported as standard conditions a catalyst load ranging from 
10 to 30% of the aldehyde substrate, and an excess of the ketone (generally 20% 
volume). If the donor is acetone, the use of 20% vol leads to a concentration equivalent 
to 2.72M, which is around 25-fold higher than the concentration of aldehyde used, 
usually around 0.1M.[123, 166, 167] 
These conditions proved to be not suitable for the UV-Vis detector equipping the 
HPLC instrument, the main problem being the huge absorption in the visible region 
shown by 4-nitrobenzaldehyde when using 0.1M solution. The area of 4-
nitrobenzaldehyde when using 0.1M concentration cannot be determined accurately, 
with the peak reaching heights that are outside the confidence interval of the detector. In 
order to avoid this problem, a series of different 4-nitrobenzaldehyde concentrations 
were analysed and it was finally decided to use a concentration equal to 2mM, a value 
that was safely below the upper detection limit. 
The kinetic study of this bimolecular reaction was carried out with a large excess of 
acetone to ensure that the formation of the activated enamine was favoured and that any 
small changes in acetone concentration could not affect the reaction rate. It was 
therefore deemed necessary to have a ratio acetone : aldehyde of at least 100:1. Having 
established to use a 2mM concentration of 4-nitro-benzaldhehyde, it was decided to 
start analysing the reaction using 10% proline (0.2mM), and 200mM acetone in DMSO. 
For this reaction the observed rate was too fast and accurate data could be obtained only 
by quenching the reaction with a diluted solution of hydrochloric acid (Graph 2). 
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Graph 2: First kinetic experiment carried out using 10%Pro (0.2mM) in DMSO with 2mM 
concentration of 4-nitrobenzaldehyde and 200mM acetone, quenching the reaction with a diluted 
solution of HCl. The initial rate was equal to 1.15 10-6± 4.15 10- 8 Mmin-1. 
Graph 2 shows the first progress reaction profile between 2mM 4-nitrobenzaldehyde 
and 200mM acetone catalysed by 10% proline in DMSO and quenching the reaction 
with a diluted solution of HCl.  
A number of experiments were carried out, all at 2mM aldehyde concentration, with 
varying catalyst and acetone concentrations to optimise the system and establish a set of 
experimental parameters that could be widely used. Ultimately the best conditions were 
found to be 20% acetone and 10% catalyst. Graph 3 shows a progress reaction profile 
between 2mM 4-nitrobenzaldehyde and 2.72M acetone (20% vol) catalysed by 10% 
proline in DMSO and quenching the reaction with a diluted solution of HCl. 
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Graph 3: Kinetic experiments with 10% Proline (0.2mM). The kinetic experiment was carried out in a 
mixture of 20%vol acetone (2.72M) in DMSO and 2mM concentration of 4-nitrobenzaldehyde, 
quenching the reaction with a diluted solution of hydrochloric acid. The initial rate was equal to 
1.10▪10-5 ± 2.03▪10-7 Mmin-1. 
At this stage, from the experimental data, it was noticed that the use of quenching 
was possibly affecting the composition of the reaction mixture and therefore it was 
decided to adjust the experimental conditions to perform the experiments avoiding use 
of quenching.  
 
2.3.3.3 EXPERIMENTAL CONDITIONS FOR PSEUDO-FIRST ORDER 
KINETIC 
Following the preliminary work on the kinetic analysis described in the previous 
section, it was decided to perform the kinetic analysis under pseudo-first order 
conditions ensuring therefore the saturation of the catalyst by using one of the reagents 
in large excess. In order to determine the minimum amount of the excess reagent that 
could ensure saturation, two sets of experiments were carried out, at different catalyst 
loads, with varying concentrations of acetone (the reagent in excess) and using fixed 
concentrations of 4-nitrobenzaldehyde. 
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Proline was used in 10% and 20% loads with 2mM aldehyde concentration and 
acetone was used in different excesses, ranging from 0.15M to 5.44M concentrations. 
The formation of the aldol product was monitored by HPLC and the resulting 
concentrations plotted versus time. These plots, one for each acetone concentration, 
allowed evaluation in each case of the initial rate, which were plotted versus acetone 
volumes to establish the conditions in which saturation occurred (Graph 4). 
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Graph 4: This graph shows the saturation curve for acetone obtained using either 10% or 20% proline, 
2mM aldehyde and varying the volumes of acetone. 
As it can be seen from Graph 4, the saturation curve is almost complete by using 
20% of acetone in volume with 10% of proline. This corresponds to a 2.72M 
concentration of acetone, which corresponds to 1362 equivalents of aldehyde and 13620 
equivalents of proline. This result provides evidence that when the kinetics are carried 
out with the imprinted polymer (77µM active sites for 0.25mg/ml, as shown earlier) the 
use of 20% acetone in volume should ensure that the system is fully saturated. This 
implies that any variations in vi, as a function of aldehyde concentration, are not 
influenced by the changes in ratio between the two substrates. 
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2.3.3.4 BACKGROUND REACTIONS 
The kinetic characterisation of a reaction cannot be performed without studying the 
background reaction, and for this reason a set of experiments was carried out to evaluate 
the background reaction between 4-nitrobenzaldehyde and acetone in different solvents 
mixtures. All the background reactions were performed using solutions of twice 
recrystallised 4-nitrobenzaldehyde in HPLC grade acetone (Table 3, entry 1) or in 
anhydrous DMSO (Table 3, entry 2,3) to have a final 2mM concentration in the reaction 
vessel. 
ENTRY SOLVENTS vi (M min-1) STD. ERROR R2 
1 100% Acetone 0 N/A N/A 
2 20%acetone/80%DMSO 3.28x10-8 ± 7.41x10-9 0.95 
3 20%acetone/20%DMSO/60%DMF 4.62x10-9 ± 1.67x10-10 0.99 
Table 3 : Initial velocities of the background reaction between 4-nitrobenzaldehyde and acetone in 
different solvent systems determined using 2mM substrate. 
When the solvent system was 100% acetone, product formation cannot be observed, 
even after a long time (Table 3, entry 1). However, because of the limited solubility 
shown by the free catalyst and the polymers, this solvent was not considered to be 
suitable to carry out the kinetic characterisation with the needed catalyst concentration. 
With the view of solving the solubility issue, the backgrounds of different solvent 
systems were then investigated, with the limitation of using DMSO and DMF, which 
proved to be the only solvents capable of giving homogeneous solutions of polymers. 
By using 20% acetone in DMSO, formation of the product could be observed in a non 
negligible extent, providing evidence that the presence of a large amount of DMSO was 
accelerating the progress of the background reaction (Table 3, entry 2). 
With the aim of reducing the extent of the background it was then decided to keep a 
small percentage of DMSO replacing the remaining volume with DMF, a solvent with 
comparable characteristics. The background determined in a mixture of 60% DMF, 20% 
DMSO and 20% acetone proved to be 7-fold lower than the one in DMSO/acetone 
(Table 3, entry 3) and therefore it was decided to run the kinetic experiments in this 
solvent system. In fact, these conditions ensured a low background reaction and, at the 
same time, complete homogeneity of the reaction mixtures, needed in order to obtain 
reliable and reproducible kinetic data. This would not be the case with higher 
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percentages of acetone, given that the nanogels and proline itself showed limited 
solubility with increased volumes of this reagent. 
At this stage, having verified the extent of the background reaction in different 
conditions and having decided to use a ternary mixture composed by 
DMF/DMSO/acetone in the ratio 60/20/20, it was considered important to confirm that 
the control polymer (CP), prepared in the same conditions as the imprinted (MIP) and 
non imprinted (NIP) but characterised by the absence of the functional proline 
monomer, did not show significant activity toward the cross-aldol reaction. For this 
purpose an experiment was set up in the same conditions as for the background but 
using 1mg/ml of non imprinted polymer NIP-AS158 and control polymer CP-AS159. 
Graph 5 shows the results of this experiment, showing the reaction progress for the non 
imprinted polymer (NIP-AS158), the control polymer (CP-AS159) and the background 
obtained in exactly the same conditions, using 2mM 4-nitro-benzaldehyde.  
The experimental data show that both the control polymer CP and the background 
have substantially the same initial velocity whilst the non imprinted polymer NIP is 2.5 
times faster. This is not a surprise since the control polymer does not have any 
functionalities able to catalyse the reaction whilst the non imprinted, although it does 
have not imprinted cavities, it possess functional groups capable of catalysing the 
reaction. 
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Graph 5: Comparison of reaction progress of the non imprinted polymer NIP-AS158, the control 
polymer CP-AS159 (both 1mg/ml) with the background obtained in the same conditions; 
DMF/DMSO/acetone = 60/20/20 and 4-nitrobenzaldehyde 2mM. The initial rates, vi, are respectively 
1.35 x 10-8(S.E.± 8.21 x 10-10) Mmin-1 for the NIP, 5.48 x 10-9(S.E.± 2.18 x 10-10) for the CP and 4.61 x 
10-9 (S.E. ± 2.02 x 10-10) Mmin-1 for the background. 
Having verified that the backbone of the polymer did not show a significant activity 
towards the formation of the aldol addition product, the next step was to evaluate the 
formation of the condensation product, the α,β-unsaturated ketone, which is often 
generated as a result of a side-reaction during the aldol addition. 
 
2.3.3.5 CROSS-ALDOL CONDENSATION 
The cross-aldol reaction, especially when catalysed by base or acid, is often affected 
by a side-reaction due to the dehydro-condensation of the two starting materials rather 
than the addition that characterises the aldol product. The extent of this side-reaction is 
greatly influenced by the condition in which the cross-aldol reaction is carried out. In 
fact, the use of bases or acids as catalysts, without control of temperature or other 
parameters, leads predominantly to the condensation product, especially when one of 
the reagents is an aldehyde that can promote the product condensation (196) by 
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stabilising the resulting structure by resonance with an aromatic ring (as in the case of 
the 4-nitrobenzaldehyde). 
 
Scheme 57: Aldol (195) and condensation (196) products derived from the cross-aldol reaction between 
4-nitrobenzaldehyde (194) and acetone. 
On the other side, the analysis of the background reactions did not show measurable 
amounts of the dehydration product, and even when an asymmetric catalyst, such as 
proline, promotes the cross-aldol reaction, the extent of the dehydration product is 
negligible, at least in the time intervals used for kinetic studies. Interestingly, the 
alteration of the basic proline structure, by derivatising it in different proline-based 
organocatalysts, affects the extent of the condensation.[207] This aspect of the cross-aldol 
reaction related to the “free catalysts”, that are catalysts not inserted in polymer 
matrices, will be discussed later on in another section (see section 2.4). 
For the purposes of the kinetic study of the imprinted polymers, a set of experiments 
was performed to establish the extent of the condensation during the cross-aldol 
reaction catalysed by imprinted polymers. The dehydration product (196) was 
determined together with the aldol (195) by injecting the sample in the HPLC and 
analysing the areas related with the two products in the same way as previously done. 
The concentrations were estimated by mean of reference lines, obtained for each of the 
products, and plotted versus time, as shown in Graph 6. 
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Graph 6: The graph shows the reaction progress curves for the product of the cross-aldol reaction 
(hydroxy-ketone (195), ●) and the cross-aldol condensation (α,β-unsaturated ketone (196), ♦). The 
experimental data were acquired injecting samples from a reaction mixture carried out using 
0.25mg/ml of MIP-AS147 dissolved in a ternary mixture DMF/DMSO/acetone = 60/20/20/ and 2mM 
substrate. Each area was determined by manual valley-to-valley integration for both products on the 
same chromatogram and the corresponding concentrations were evaluated by mean of a reference 
line. The initial rates were determined by weighted linear regression of the experimental data using 
Sigmaplot 8 software and resulted in 6.67x10-8 (S.E. ± 7.32x10-10) (R2=0.99) for the hydroxy-ketone 
and 5.08x10-9 (S.E. ± 3.55x10-10; R2=0.98) for the α,β-unsaturated ketone. 
Graph 6 shows a typical kinetic experiment performed to determine the initial rate 
of a cross-aldol reaction catalysed by 0.25mg/ml of MIP AS147 using 2mM substrate 
(195). The initial rate of the aldol reaction, given by the formation of the aldol product, 
is 13 times higher than the corresponding rate for the condensation, given by the 
condensation product. This means that the rate of the condensation, catalysed by this 
imprinted polymer, is less than 8% the value of the aldol reaction, signifying that, in the 
timeframe used for these kinetic analyses, the side-reaction does not appreciably 
subtract substrate from the equilibrium of the cross-aldol reaction, not affecting 
therefore substantially the rate of that reaction. 
 
 
Chapter II: Results and Discussion – Nanogels Kinetics 
 
 
155
2.3.4 PRODUCT REBINDING  
One of the difficulties that can be encountered during the kinetic characterisation of 
a catalyst possessing molecular recognition properties is product rebinding. The product 
can be irreversibly rebound in the recognition sites, which can affect the measurement 
of product concentration therefore underestimating the value of the vi. This irreversible 
binding of the product to the catalytic pockets can lead to inhibition of the catalyst, 
limiting the turnover observed. Each case would influence the correct estimate of the 
kinetic parameters and therefore this phenomenon had to be investigated in the course 
of the project. 
A set of experiments was carried out to establish if the nanogels were showing 
rebinding properties towards the aldol product by monitoring any variation in the 
concentration of free aldol in the presence of catalyst. A fixed amount of β-hydroxy-
ketone (2µmol) was added to 4 vials containing, respectively, phenyl-sulfonyl-
carboxamide (ProBS) (182), MIP-AS147, NIP-AS133, CP-AS134 dissolved in a 
solution of 20% DMSO in DMF and to a vial containing just the solvent. The reaction 
mixtures were stirred at room temperature and after 3 days 100µl of solution were 
sampled from each vial and analysed by HPLC-RP. The concentration of β-hydroxy-
ketone was determined by the area of the corresponding peak, following our established 
protocol. The sampling experiment was repeated after another 24h and the data 
compared. 
ENTRY CATALYST AMOUNT OF CATALYST CONCENTRATION 
OF ACTIVE SITES 
EQUIVALENTS OF 
HYDROXY-KETONE 
1 ProBS 0.223µmol 223µM 9.0 
2 MIP-AS147 0.75mg 237µM 8.4 
3 NIP-AS133 0.75mg 207µM 9.7 
4 CP-AS134 0.75mg - - 
5 Solvent - - - 
Table 4: Quantities engaged in the rebinding experiment and the corresponding equivalents of β-
hydroxy-ketone used for each catalyst to investigate the rebinding capabilities. 
Table 4 shows the amounts of catalyst and corresponding active sites concentration 
for the catalysts used in the rebinding experiment. The last column reports the 
equivalents of β-hydroxyketone used for each catalyst. 
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The results showed that the concentration of product in the samples remained 
constant throughout the duration of the experiment, with variations not deemed to be 
significant. It was possible to conclude that there was no significant rebinding of the 
product from the nanogels. Moreover, the concentration of product did not change 
significantly even in the sample containing the “free” catalyst, the benzene-sulfonyl-
carboxamide (182). During these experiments it was observed that in the reaction 
solutions containing the free catalyst, the NIP and the MIP, traces of 4-nitro-
benzaldehyde could be detected. This could be taken as indication that the retro-aldol 
reaction is occurring, although with very slow rates. Given that the starting 
concentration of β-hydroxy-ketone (195) in these experiments was 2mM, corresponding 
to 100% conversion of a reaction based on 2mM aldehyde, it was concluded that the 
retro-aldol reaction, even if occurring, it was not significant enough to be considered 
while investigating the aldol reaction catalysed by imprinted polymers. 
 
2.3.5 CATALYST TURNOVER  
An interesting parameter to be determined while investigating the activity of a 
catalyst is the turnover frequency (TOF), which is defined as the number of substrate 
units that a single molecule of catalyst can convert into product per unit of time. In 
particular, this parameter allows determining if a species is capable of doing more than 
a catalytic cycle and therefore it does not undergo product inhibition. 
In order to investigate this, a set of experiments were carried out using 0.25mg/ml of 
MIP-DCP1 in a ternary mixture of DMF/DMSO/acetone = 60/20/20 and 2mM 4-
nitrobenzaldehyde in order to establish the turnover of the polymer. The reaction was 
monitored for 30 days starting with a kinetic analysis of the first 3h every 30 minutes 
from time zero, to verify the initial rate, followed by analysis of samples at least once a 
day. The resulting product concentration, plotted versus time, showed the expected 
saturation kinetic approximating the limit of the full conversion of the aldehyde   
(Graph 7). 
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Graph 7: The graph shows a progress curve for a reaction catalysed by 0.25mg/ml of imprinted 
polymer MIP-DCP1 dissolved in a ternary mixture of DMF/DMSO/acetone = 60/20/20 and 2mM 4-
nitrobenzaldehyde substrate. These plots confirm that the catalyst has a turnover. 
The data analysis confirmed that the polymer showed turnover already after 12h, 
when the concentration of the product was the same as the catalyst. The experimental 
data for the concentration of aldol product after 22h was 1.39 x 10-4 M, which is 1.80 
times higher than the concentration of the catalyst. By monitoring the reaction progress 
for 1 month it was possible to see that the reaction reached complete conversion of the 
substrate, given by the sum of the aldol and condensation products. 
This important result demonstrated that the nanogel catalyst is not subject to product 
inhibition or any type of deactivation. The high stability of the system in organic 
solvent and room temperature provides promising data for potential applications of 
these materials in an industrial context. 
The next phase of the project focussed on the investigation and characterisation of 
the catalytic activity of the imprinted and non imprinted polymers in the cross-aldol 
reaction. 
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2.3.6 FIRST KINETIC EXPERIMENTS  WITH MIP AND NIP 
For the first experiments carried out with the nanogels it was decided to use 2.5 mg 
of polymer and the first imprinted polymer preparation analysed was the MIP-AS122. 
This concentration of catalyst was consistent with the polymer load used before by 
Pasetto et al.[27] The data of aldol concentration versus time are shown in Graph 8, 
where the experimental plot can be fitted with a curve and the linear portion of the 
curve can only be estimated.  
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Graph 8: The graph shows the progress reaction curve for the first experiment carried out with 
2.5mg/ml of imprinted nanogels MIP-AS122, 4-nitrobenzaldehyde 2mM and acetone 20%vol. 
 
The reaction showed in Graph 8 was monitored for a long period of time (>20h) and 
it resulted in a curved profile that did not allow accurate determination of the initial rate. 
For this reason the experiment was repeated acquiring more experimental points in a 
shorter period of time (Graph 9). 
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Graph 9: The graph shows a typical kinetic experiment performed to establish the initial rates of MIP-
AS122 (●) and NIP-AS123 (♦) using 2.5mg/ml of polymer. The experiment was carried out in 20% 
acetone in DMSO using a concentration of 4-nitrobenzaldehyde 2mM. The initial rates, vi, for the 
polymers are respectively 2.47 x 10-7 (S.E. ± 9.65 x 10-9) Mmin-1 for the MIP and 7.06 x 10-9(S.E.± 9.31 
x 10-10) Mmin-1 for the NIP. 
 Graph 9 shows the progress reaction curves for reactions catalysed by 2.5mg/ml of 
MIP-AS122 and NIP-AS123 corresponding to a period of time of 150 minutes. 
These kinetic experiments performed using 2mM aldehyde demonstrated a 
considerable catalytic activity of the MIP when compared with the NIP, confirming a 
successful imprinting. In fact, whilst the activity of the NIP, using 2.5mg/ml of polymer 
is very similar to the one showed by the background and the CP using 1mg/ml (see 
Graph 5), on the contrary the MIP, using 2mM substrate, shows an initial rate 35-fold 
higher than the corresponding NIP. However, the use of 2.5 mg/ml of catalyst was 
proved to be too high to monitor in real-time the cross-aldol reaction by HPLC-RP. 
Under these conditions, in fact, the reaction progress curves should satisfy the linearity 
required to determine the initial rate of the reaction, since the substrate conversion is 
still lower than 5%. 
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In reality Graph 9 shows that the reaction progress curve for the MIP-AS122 can be 
perfectly fitted to a hyperbola rather than a straight line. This means that it has lost the 
linearity needed to determine accurately the slope of the curve and therefore the correct 
initial rate of the reaction. For this reason 2.5mg/ml of catalyst load was deemed to be 
too high, for reactions needed to be analysed with an HPLC method involving a 26 
minutes run for each point, and therefore it was decided to decrease by 10-fold the 
amount of polymer to 0.25mg/ml. This dramatic change was considered necessary 
because the aim was to obtain at least 5-6 experimental points (approximately 200 
minutes) that could be confidently used to determine initial rates.  
In order to be able to prepare consistent solutions of polymer at very low 
concentration, needed to carry out reactions with 0.25mg/ml of polymer, it was decided 
to prepare a stock solution of polymer 1mg/ml, by weighing 6mg of polymer and 
dissolving them in 6ml of a 20% DMSO in DMF solution, and by sealing everything 
under nitrogen. The MIP-AS122 nanogels stock solution were evaluated over time to 
attempt establishing the stability of the colloidal solutions when stored at room 
temperature and sealed under nitrogen. Visual observation of the solutions indicated 
that after 7 days small particles could be observed precipitating from the solutions 
suggesting the hypothesis that this could be due to aggregation. Moreover, when used in 
kinetic experiments, the stock solution showed a clear drop in catalytic activity (>10%). 
It was observed that if the solutions were sonicated for 15min, an apparently clear 
solution could be obtained again. However, given that the phenomenon could not be 
thoroughly investigated, it was decided to avoid storing stock solution and instead a 
fresh batch was prepared each time.  
At a late stage of this research project the nanogels solubility was improved by 
modifying the procedure preceding the dialysis. After polymerisation and prior dialysis, 
a small amount of water was added to the nanogels solution, which was then sonicated 
for 15min. This procedure ensured a quicker removal of the template and at the same 
time helped to break eventual particles aggregates formed during the polymerisation. It 
was noticed that the polymers preparations that underwent this treatment showed a 
much higher solubility, giving rise to homogeneous solution very easily. 
With 0.25mg/ml load it was possible to monitor the progress of the reaction by 
HPLC within a reasonable timeframe (3 hours for each concentration), suitable to 
acquire data for 6 points, which were enough to describe the linear portion of the kinetic 
Chapter II: Results and Discussion – Nanogels Kinetics 
 
 
161
profile (product versus time) and have an accurate value of the corresponding initial 
rate. This would allow determination of the kinetic parameters needed to describe the 
kinetic behaviour of the imprinted polymers. The next section will introduce the reader 
to this topic. 
 
2.3.7 DETERMINATION OF THE KINETIC PARAMETERS 
Most of the kinetic experiments discussed so far aimed to establish the right 
conditions in which the catalytic activity of the polymer could be investigated. 
Preliminary experiments with MIP-AS122 and NIP-AS123 provided evidence that the 
imprinted polymers showed catalytic activity and the imprinted efficiency could be 
measured. In the next section a comprehensive characterisation of the catalytic activity 
of the nanogels will be described in details. Moreover, in order to ensure the validity of 
these parameters related to the initial rates plots, the linearity of the reaction progress 
curve will be also verified. 
 
2.3.7.1 CHOICE OF THE RANGE OF SUBSTRATE CONCENTRATIONS 
When attempting to evaluate catalytic efficiencies for enzyme mimics, the choice of 
substrate concentration used is very important. In order to determine meaningful kinetic 
parameters, the range has to include values that are higher and lower than the Km, which 
represents the concentration at which the enzyme mimic is half saturated. The reason 
for this relies on the fact that, if the substrate concentration used is too low (<0.25Km), 
the rate of the reaction will appear to be linearly dependent on the substrate and 
therefore the values of Vmax and Km appeared to be infinite. On the other hand, by using 
concentrations too high (>5Km) the enzyme is completely saturated and therefore it is 
possible to have an estimate only for the Vmax, but it is not possible to establish the 
Km.[206]  
It is therefore necessary to find a range of concentrations including an expected 
value of Km and plot the corresponding initial rates in order to obtain a Michaelis-
Menten plot from which it is possible to establish an experimental Km. With the aim of 
having a first estimate of the Km, a full set of kinetic experiments was performed using 
the imprinted polymer MIP-AS132. 
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The set of conditions, developed to perform kinetic analysis in a ternary mixture of 
DMF/DMSO/acetone = 60/20/20, were applied to carry out a full set of kinetic 
experiments with 4-nitrobenzaldehyde as substrate ranging from 0.5 to 8mM and using 
0.25mg/ml of imprinted polymer AS132 and non imprinted AS133. The initial rates 
determined from these experiments were plotted against substrate concentration to give 
the first Michaelis-Menten plots related to the imprinted polymer AS132 and non 
imprinted polymer AS133 (Graph 10).  
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Graph 10: The first Michaelis-Menten plot for the MIP-AS132 and NIP-AS133. The Vmax and Km are 
respectively, 3.70▪10-7 (S.E. ± 1.55▪ 10-8) Mmin-1 and 8.32▪10-3(S.E. ± 5.82▪10-4) for the MIP-AS132 
and 9.17▪10-9 (S.E. ± 5.42▪10-10) Mmin-1 and 3.34▪10-3 (S.E. ± 5.48▪10-4) for the NIP-AS133. 
The initial rates were fitted to the Michaelis-Menten saturation model, using 
Sigmaplot software and it was possible to determine the kinetic parameters of the Vmax 
and Km, which were, respectively, 3.70▪10-7(S.E. ± 1.55▪ 10-8) Mmin-1 and 8.32▪10-3 
(S.E. ± 5.82▪10-4) M for the MIP-AS132 and 9.17▪10-9(S.E. ± 5.42▪10-10) Mmin-1and 
3.34▪10-3(S.E. ± 5,48▪10-4) M for the NIP-AS133. The first Michaelis-Menten plot 
obtained for imprinted aldolase nanogels gave an important indication about the 
magnitude of the Km, which resulted to be 8.3mM.  
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As it was previously said, this value is out of the range of concentrations used to 
determine the kinetic parameters, and therefore it was deemed important to run another 
full set of kinetic by extending the range of substrate concentrations in order to include 
substrate concentrations higher than 8mM. Unfortunately, in this case the amount of 
polymer AS132 available was not sufficient to determine the number of active sites, 
using the titration methods previously described (see section 2.3.1), and therefore the 
most important kinetic parameter, the kcat, could not be determined. For the same 
reason, the ratio of the two Vmax, MIP over NIP, found to be equal to 48, was taken as a 
strong indication of a successful imprinting strategy although the full characterisation 
would not be obtained. 
In order to obtain a full characterisation of the imprinted polymer activity, MIP-
AS147 was prepared by following exactly the same protocol as for MIP-AS132 and the 
activity of this preparation was verified by comparing the results at 2mM substrate 
concentration. In virtue of the fact that MIP-AS147 showed behaviour similar to the 
MIP-AS132, it was decided to determine the concentration of active sites of this 
polymer and perform a full kinetic characterisation. The data for the imprinted polymer 
MIP-AS147 were then compared with the non imprinted polymer NIP-AS133 to 
determine the imprinting efficiency. 
 
2.3.7.2 IMPORTANCE OF LINEARITY OF EXPERIMENTAL DATA 
FOR THE CALCULATION OF THE INITIAL RATES 
The full kinetic profile of the imprinted polymer MIP-AS147 was investigated in the 
same conditions as for MIP-AS132 but using a range of substrate concentrations 
covering between 2mM and 10mM. The first kinetic experiment on polymer MIP-
AS147 was performed using 2mM concentration of 4-nitrobenzaldehyde (Graph 11) 
following the established protocol. 
The reaction progress curves are generally described by an exponential model rising 
to an asymptotic maximum, which would represent the achievement of 100% 
conversion of substrate into product (P= [ S 0 ] e-kt). However, in order to determine the 
initial velocity of the reaction, the vi, it is necessary to consider only the linear portion 
of the curve, corresponding to a substrate conversion generally lower than 5%. Within 
this region, corresponding to the very early stage of the reaction, there is a linear 
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dependence of the product formation (or the substrate consumption) from the time. For 
this reason the initial velocity, so called in virtue of the initial phase of the reaction, can 
be estimated as a first derivative of the linear function [P] vs. time, vi = d[P]/dt. In view 
of this fact, by fitting the experimental points to a linear regression line, it is then 
possible to establish the initial velocity, vi, as the slope of the linear fit of [P] vs. time. 
Having said that, it becomes clear the importance of the linearity of the [P] versus 
time plots, used in this research project to determine the initial velocities utilised to 
draw the Michaelis-Menten saturation curves. Great care was therefore taken in 
verifying that these data truly described a linear fitting either passing or not through the 
origin. An example of this work, applied to the analysis of the data obtained for the 
MIP-AS147, will be now illustrated starting with the description of the Graph 11, 
which shows the progress reaction curve [P] versus time for a reaction catalysed by 
0.25mg/ml of MIP-AS147 using a 2mM substrate concentration. 
In order to claim that a curve, which fits a set of experimental data, is linear, it is 
necessary to verify that the first derivative of the associated function, that is the slope of 
the curve, undergoes little changes when the fitting is applied to an increasing number 
of experimental data. In the case here described, for instance, the afore mentioned slope 
corresponds to the desired initial velocity, vi, which has to remains fairly constant even 
changing the number of points used to determine it. 
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Graph 11: The curve illustrates the reaction progress of a cross-aldol reaction between 4-
nitrobenzaldehyde (2mM) and acetone (20%vol) catalysed by the 0.25mg/ml of MIP-AS147. The initial 
rates are reported in the following Table 5. 
 In order to do that, the fittings of the experimental data were performed using 
Sigmaplot software over 4, 5 or 6 experimental data, either forcing or not the line 
through zero. The results of these calculations, together with the related standard errors 
are reported in the following Table 5. 
Table 5: Comparison of initial rates obtained by using a linear regression, passing and not passing 
through zero, using 4, 5 and 6 experimental points. 
 
ENTRY DATA 
POINTS 
LINEAR REGRESSION 
PASSING THROUGH ZERO 
LINEAR REGRESSION 
NOT PASSING THROUGH ZERO 
vi STD. ERROR R2 vi STD. ERROR R2 
1 4 4.04x10-8 ± 2.98x10-10 0.99 3.99x10-8 ± 9.10x10-10 0.99 
2 5 4.03x10-8 ± 3.191x10-10 0.99 3.93x10-8 ± 6.32x10-10 0.99 
3 6 4.00x10-8 ± 4.09x10-10 0.99 3.98x10-8 ± 5.08x10-10 0.99 
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By looking separately at the two sets of data presented in Table 5, it is possible to 
see that the difference within one set is negligible, considering that the data are affected 
by an experimental error. In fact this difference is quantifiable in maximum 1% between 
the entry 1 and 3 of the first set (passing through the origin) and in maximum 1.6% 
between entry1 and 2 of the second set (not passing through the origin).This leads to the 
conclusion that, in the experimental conditions used to perform this kinetic experiment, 
the experimental data fitted a true linear regression even after 140 minutes (collection 
time of the 6th point). In fact the slope of the linear regression, calculated using 4, 5 and 
6 points, does not show appreciable differences. 
By comparing the values, obtained by forcing and not forcing the line through the 
origin for each entry, it appears clear that, although a difference is present, this is not 
appreciably higher than the ones previously reported. Comparison of the data estimated 
using 4 points gives a 1.16% difference between the two methods, whilst those for 5 
points reported the highest difference, 2.40% and, finally, for the initial velocities 
calculated using 6 points the difference is almost negligible being 0.35%. 
These data analysis clearly showed that there is no significant difference in the 
slopes calculated using 4, 5 or 6 points with the same regression method, confirming 
that the slope, and therefore the initial velocity, remains fairly constant throughout the 
whole experiment over the time interval considered. Moreover, comparison of the initial 
rates obtained with different methods indicated consistency of the results, driving to the 
conclusion that both are valid choices, although the regression line passing through zero 
ensures a more coherent set of results.  
The analyses carried out on the data obtained with 2mM substrate were applied to 
the data corresponding to all the others substrate concentrations (4, 6, 8 and 10mM). 
The experimental points with resultant regression lines are illustrated in the Graph 12. 
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Graph 12: The graph shows a full set of curve used to determine the initial rates of the polymer MIP-
AS147. The reactions were carried out using 0.25mg/ml of polymer dissolved in a ternary mixture of 
DMF/DMSO/acetone = 60/20/20 and substrate concentration ranging from 2mM to 10mM. All the 
initial rates are reported in the Table 6. 
From data shown in Graph 12 it appears clear that the linear fittings are good at 
concentration up to 6mM, after which they start showing a little curvature, especially 
the 10mM set. These data were then analysed using the linear regression through the 
origin and the results are reported in Table 6. 
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Table 6: Initial rates calculated for 4, 5 and 6 data points using 0.25mg/ml of imprinted nanogel MIP-
AS147 over a range of substrate concentrations from 2 to 10mM.  All the linear regressions were 
calculated forcing the fitting through zero. 
Although the numerical value of vi may suggest some variations, these are within 
the experimental error associated with the measurement and as such it can be considered 
constant. This indicates that for substrate concentration from 2 to 8mM, the values of vi 
calculated using 6 experimental points can be considered true initial rates. For 
concentration of aldehyde 10mM, things are somehow more difficult with variation of 
4% in the value associated with 1.5% of experimental error. 
 
2.3.7.3 HENRY-MICHAELIS-MENTEN CURVES 
The Michaelis-Menten kinetic model is used in literature not only to describe the 
kinetic behaviour of enzymes but also of ezyme-like catalysts. The characteristic of 
these catalysts resides in the fact that they can undergo substrate saturation due to the 
formation of an enzyme-substrate complex in the catalytic cycle in which they are 
involved. This saturation model, named Henry-Michaelis-Menten model, describes the 
reaction velocity as a hyperbolic function of the substrate concentration. The fitting of 
ENTRY SUBSTRATE CONCENTRATION 
vi ± STANDARD ERROR (M min-1) 
(R2) 
6 DATA POINTS 5 DATA  POINTS 4 DATA POINTS 
1 2mM 
4.00x10-8 ± 4.09x10-10 
(0.99) 
4.03x10-8 ± 3.19x10-10 
(0.99) 
4.04x10-8 ± 2.98x10-10 
(0.99) 
2 4mM 
6.81x10-8 ± 1.29x10-9 
(0.99) 
6.86x10-8 ± 1.83x10-9 
(0.99) 
6.75x10-8 ± 2.80x10-9 
(0.99) 
3 6mM 
9.06x10-8 ± 1.28x10-9 
(0.99) 
9.13x10-8 ± 1.81x10-9 
(0.99) 
9.06x10-8 ± 2.87x10-9 
(0.99) 
4 8mM 
1.04x10-7 ± 1.29x10-9 
(0.99) 
1.05x10-7 ± 1.28x10-9 
(0.99) 
1.06x10-7 ± 1.95x10-9 
(0.99) 
5 10mM 
1.10x10-7 ± 1.66x10-9 
(0.99) 
1.13x10-7 ± 1.21x10-9 
(0.99) 
1.15x10-7 ± 1.18x10-9 
(0.99) 
Chapter II: Results and Discussion – Nanogels Kinetics 
 
 
169
initial rates of a reaction to this model results in the calculation of two kinetic 
parameters, the maximum velocity, Vmax, and the Michaelis-Menten constant, Km, 
which offer a powerful instrument to determine other kinetic parameters. 
As resulted from the outcomes of the previous section, the set of initial rates were 
used to draw the three Michaelis-Menten plots showed in the following Graph 13. 
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Graph 13: Michaelis-Menten hyperbolic fitting for reactions catalysed by 0.25mg/ml of MIP-AS147 
plotted with initial rates determined using 4, 5 and 6 experimental points. 
Graph 13 shows that the three plots, resultant from the data estimated with 4, 5 and 
6 experimental points, are superimposable for concentrations up to 6mM, and fairly 
similar up to concentration of 8mM. A clear deviation is evident for the data at 10mM 
concentration, especially for the initial rate obtained with 6 points, which can be 
considered a bit lower than expected. 
The difference in the last point of these plots can also affect the kinetic parameters 
deducted by fitting the data to a Michaelis-Menten saturation model, which is used to 
determine the Vmax and Km of the catalyst. These parameters calculated for all the three 
curves are reported in the following Table 7. 
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ENTRY DATA Vmax ±  STD. ERROR (M min-1) Km ±  STD. ERROR (M) 
1 6 1.98 x10-7 ± 1.21x10-8 7.47x10-3 ± 8.74x10-4 
2 5 2.07 x10-7 ± 1.09x10-8 7.91x10-3 ± 7.77x10-4 
3 4 2.19 x10-7 ± 1.00x10-8 8.73x10-3 ± 7.19x10-4 
Table 7: Vmax and Km corresponding to the data fitted to the initial rates obtained using set of 4, 5 and 
6 points. 
Table 7 shows that the Vmax for all three set of data is substantially constant around 
2.00▪10-7Mmin-1, with a little tendency to decrease with the time. On the other hand, the 
values for the Michaelis-Menten constant, Km, show a more pronounced decrease due to 
the weight of the initial velocity at 10mM substrate. This is indeed very close to the 
value of Km and therefore a small change of the initial rate corresponding to 10mM 
concentration causes a sensible variation in the curvature radius represented by the Km. 
 
2.3.7.4  HOMOGENEITY OF BINDING SITES: THE HANES-WOLFF 
PLOT 
Due to the random nature of the polymerisation process, the imprinted polymers are 
often characterised by cavities with different binding capabilities. The extension of such 
diversity can affect the catalytic properties of the polymer. Previous work in this 
research group[26, 27] demonstrated that such theoretical heterogeneity appears to be not 
confirmed by the observed functional homogeneity of the kinetic data. These, in fact, do 
not deviate from the single-site saturation model in the substrate concentration range 
investigated.  
Graph 14 describes the Hanes-Wolff plot obtained by plotting the ratio [S]/vi versus 
substrate concentration [S] using the initial rates and substrate concentrations derived 
from the Michaelis-Menten plot of MIP-AS147. This type of graph was used in the past 
to determine the Vmax and Km before the advent of the non linear regression software 
like Sigmaplot, since the slope of the linear curve corresponds to 1/Vmax and the 
intercept to Km/Vmax. From the linearisation of the Michaelis-Menten data in the Hanes-
Wolff plot it is also possible to acquire informations regarding the homogeneity of the 
polymer active sites. In fact, if the catalytic activity was due to active sites with 
heterogeneous behaviour, this would be reflected in a range of kinetic parameters being 
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different one to another, one for each of the type of active sites, leading therefore to a 
deviation from the linearity of the Hanes-Wolff plot. 
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Graph14: Hanes-Wolff plot for the MIP-AS147, obtained by plotting the ratio of substrate [S] (4-nitro-
benzaldehyde) over initial rates versus substrate concentration using initial rates calculated over 5 
points fitting. 
In particular, as reported in literature, a mixture of catalyst with different kinetic 
parameters would lead to Hanes-Wolff plot with a markedly curved concave 
downwards line.[26, 27] The data, shown in Graph 14, confirmed instead that the 
imprinted polymer AS147 is a nanogel preparation with functional homogeneity in the 
substrate range investigated. 
 
2.3.7.5 IMPRINTING AND CATALYTIC EFFICIENCIES 
As discussed earlier, the saturation model can be applied only if two important 
requisites are satisfied. The first implies that the accurate measurement of the initial 
rates, vi, have to be taken within 5% of the reaction progress (to stay within the steady-
state conditions). The second requires that the concentration of the substrate is 
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considerably higher than the number of active sites, so that the steady-state will be 
promptly established, with the concentration of the catalyst-substrate complex 
remaining essentially constant with time and the substrate concentration approximating 
to its initial value. The first requirement was satisfied by accurately measuring the 
product concentrations, used to determine the initial rates, within 5% of the reaction 
progress. With these data a full saturation profile for the MIP-AS147 and NIP-AS133 
(Graph 15) was plotted, which clearly shows the difference in activity between the 
imprinted and non imprinted polymer. 
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Graph 15: Michaelis-Menten plots for MIP-AS147 and NIP-AS133 were obtained by plotting the 
initial rates (determined using 5 points fitting) as a function of substrate concentration. 
The saturation plots reported in Graph 15, showed a considerable difference 
between the activity of the imprinted and non imprinted polymers. These plots obtained 
by fitting the initial rates to the hyperbola, show a good adherence with the Michaelis-
Menten saturation model, signifying that the polymers catalyse the reaction by forming 
a complex with the substrate that is typical of an enzyme-like kinetic.[44] However, in 
order to claim that a saturation profile is adherent to a Michaelis-Menten model, the 
substrate concentration must be considerably higher than the catalyst concentration 
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(vide supra). In the case this requirement would not be satisfied, then the analysis of the 
saturation model would lead to kinetically meaningless parameters.[44, 155, 206] 
With this in mind, the substrate concentration, ranging from 2 to 10 mM, was kept 
considerably higher than the number of active sites, which were, according to the 
substrate concentration and the amount of polymer used (0.25mg/ml), in a range 
between 0.8mol% (10mM substrate) and 3.9mol% of catalyst (2mM substrate). It is 
noteworthy to remember here that, since a solution of polymer 0.25mg/ml has a 
functional molarity of 79µM (MIP-AS147) and 69µM (NIP-AS133), the catalyst load 
used for these kinetic experiments were exceptionally low for catalytic imprinted 
polymers, especially compared with the catalyst loads normally used for proline-
catalysed reactions (20-30%).[123, 208] After verifying that the kinetic parameters, 
obtained from the data analysis of the Michaelis-Menten curves, were meaningful, the 
attention moved to their evaluation in order to establish the imprinting efficiency. 
Comparison of the AS147 data with the corresponding non-imprinted AS133 data, 
shown in Graph 15, demonstrates a significantly higher activity for the imprinted 
nanogels. The weighted non linear regression analysis of the vi versus substrate 
concentration data, using Sigmaplot 8.0 software, gives the Vmax and the Km, for both 
the MIP-AS147 and NIP-AS133. These resulted in Vmax = 2.07x10-7 (S.E. ±1.09x10-8) 
M min-1 (S.E. = Standard Error) and Km = 7.91x10-3 (S.E. = ±7.77x10-4) M for the MIP-
AS147 and Vmax= 9.17x10-9 (S.E. 5.42x10-10) M min-1 and Km = 3.34x10-3 (S.E. = 
5.48x10-4) M for the NIP-AS133. 
 The ratio MIP/NIP between the two values of Vmax, 23, can be taken as a measure of 
the imprinting efficiency since the only difference between the two polymers resides in 
the fact that the latter was polymerised without the template, meaning that the 
difference in activity should be done exclusively to the imprinted cavities. However, 
since it is known from the active site titration that the concentration of catalyst in the 
two polymers is different, the comparison cannot be considered completely correct.  
In order to have an accurate evaluation of the different activity it is then necessary to 
take into account the number of active sites. Given that the concentration of active sites 
for these polymers were previously determined in 77 µM for 0.25mg/ml of imprinted 
polymer AS147 and 69 µM for the same amount of non imprinted polymer AS133, it 
was possible to calculate the kcat by mean of the expression kcat = Vmax/[catalyst]. These 
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resulted in 2.62 x 10-3 min-1 for the MIP and 1.33 x 10-4 min-1 for the NIP. These two 
values can now give an accurate estimate of the different activity between the two 
polymers, using the ratio kcatMIP/kcatNIP, which is equal to 20. This is, to date, the highest 
imprinting efficiency ever achieved for imprinted polymers capable of generating a C-C 
bond. The importance of this result has been recognised by the recent publication of this 
work as a full paper in the journal Chemisry - A European Journal (D. Carboni et al., 
Chem. Eur. J., 2008, 14, 7059-7065). 
A direct measurement of the efficiency of the imprinting strategy can be obtained by 
comparing the values of kcat/Km, which represent the rate constant for the overall 
reaction. For MIP-AS147 kcat/Km=0.33 min-1M-1 and for NIP-AS133 kcat/Km=0.04    
min-1M-1, which demonstrate how the imprinting strategy leads to a more efficient 
catalyst. 
 
2.3.8 CATALYTIC ACTIVITY OF PROBS CATALYST 
The full kinetic characterisation of the nanogels system led to the conclusion that 
this polymer is behaving as a true enzyme mimic with a good imprinting efficiency. 
Nonetheless, this characterisation left the door open to a comparison with the activity of 
the catalyst in solution and therefore a set of experiments was carried out in order to 
establish whether the ‘free’ catalyst was more active than the imprinted polymers. 
The kinetic experiments with the free catalyst proved since the beginning to be too 
fast to be monitored by HPLC using 10 or 20% catalyst and 2mM substrate without 
quenching the reaction (see section 2.3.3). For this reason, a series of experiments were 
carried out keeping constant the concentration of aldehyde at 2mM and the acetone at 
2.72M (20% vol), decreasing progressively the concentration of catalyst from 200µM 
down to 10µM. The aim was to find a catalyst load capable of performing reactions 
with reaction rates suitable to be monitored with the HPLC method. 
The experiments were carried out using 2mM aldehyde and 20%vol acetone in a 
ternary mixture of DMF/DMSO/acetone = 60/20/20 and with catalyst concentrations 
equal to 200, 100, 50, 30, 20 and 10µM. By using 10µM catalyst it was possible to 
monitor the reaction progress in real time using the HPLC and acquiring linear curve 
suitable to determine the initial rate of the reaction. The following Graph 16 shows as 
example, the plots for the catalyst with 200, 100 and 10µM concentration. 
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Graph 16: The graph shows the plots of three reactions performed using 2mM aldehyde in a ternary 
mixture of DMF/DMSO/acetone = 60/20/20. The catalyst load varied from 200µM down to 10µM of 
ProBS. The initial rate for the 10µM catalyst was equal to 3.15▪10-8Mmin-1(S.E. ± 1.67▪10-9) 
As it can be seen from the graph, only the 10µM concentration of ProBS allowed 
monitoring the reaction in real time without the need of quenching. For this reason a full 
set of kinetic experiments was carried out by keeping constant the concentration of 
catalyst at 10µM in a ternary mixture of DMF/DMSO/acetone = 60/20/20. The 
concentration of 4-nitrobenzaldehyde substrate was varied from 0.38mM to 2mM. 
The reactions were monitored in real time by HPLC and from the progress reaction 
curves the initial rates were determined by mean of a linear regression, whose slopes 
were plotted against substrate concentration. The resulting plot (Graph 17) shows that, 
for the free catalyst phenyl-sulphonyl-carboxamide (ProBS) (182), there is a linear 
relationship between the initial velocities and the substrate concentration. 
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Graph 17: The reactions were performed using 10µM catalyst in a ternary mixture of 
DMF/DMSO/acetone = 60/20/20. The concentration of 4-nitrobenzaldehyde substrate was varied from 
0.38mM to 2mM (slope = 1.56x10-5 min-1S.E. = ±5.66x10-7). 
 The same type of relationship can be identified by analysing an early experiment 
performed with 200µM ProBS in 20%vol acetone in DMSO and aldehyde concentration 
ranging from 1 to 4mM, where the concentration of aldol was obtained quenching the 
reaction with diluted HCl. As it was said earlier, this concentration of catalyst gives rise 
to reaction too fast to be monitored by HPLC, nevertheless a good estimate of the initial 
velocities can be obtained by dividing the product concentration over the time for each 
substrate concentration.[209] The initial rates, calculated using the concentrations 
determined at 10minutes, were then plotted versus substrate concentration. The 
resulting Graph 18 shows that, even in this case, there is a linear dependence between 
the substrate concentration and the initial rates of the reactions. 
 
Chapter II: Results and Discussion – Nanogels Kinetics 
 
 
177
[4-nitro-benzaldehyde]  / M
0.0000 0.0005 0.0010 0.0015 0.0020 0.0025 0.0030 0.0035 0.0040
v
i 
(10
m
in
) / 
M
 
m
in
-
1
0.0
3.0e-7
6.0e-7
9.0e-7
1.2e-6
1.5e-6
1.8e-6 Aldehyde [M]- vs vi [Mmin-1](10min) 
 
Graph 18: This graph shows the linearity of initial rates vs. substrate concentration for ProBS 200µM 
(10% load) in 20% acetone in DMSO. The initial rates were estimated dividing the product 
concentration by the time, 10 minutes (slope = 1.41x10-4 SE.± 1.06x10-5). 
 The comparison of the slopes of the two set of data for  10µM and 200µM ProBS,  
1.56x10-5 and 1.41x10-4min-1 respectively, suggests also that there is a proportionality, 
although not direct, between the rates of the reaction and the catalyst load. In fact the 
slope for the 200µM ProBS gives a value of an order of magnitude bigger than the one 
for 10µM ProBS.  
The description of the activity of the free catalyst evidenced a very important 
difference between the kinetic behaviour of the free catalyst in comparison with the 
imprinted nanogels, which have the same catalytic unit but incorporated into a polymer 
matrix. As it is was said earlier, the initial velocities of the organocatalysed reactions 
are proportional to the amount of substrate. In particular there is a linear relationship 
between the rates and the substrate concentration. On the other hand, the same plot 
made for the imprinted nanogels shows a completely different shape, since it fits very 
well a Michaelis-Menten saturation model, as underlined earlier on. This difference was 
explained by claiming for the imprinted polymers an enzyme-like kinetic behaviour that 
does not characterise the free catalyst in solution.  
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All the experiments shown so far proved this conclusion but, by looking at the 
literature, there is still a final issue which needs to be addressed. Is the curvature of the 
imprinted polymers kinetic behaviour due to a mass transfer effect as seen for supported 
enzyme ?[210] 
In order to answer this question it is necessary to establish if there is a linear 
dependence of the initial velocities from the catalyst concentration, at fixed substrate 
concentration, for the imprinted polymers. 
 
2.3.9 LINEAR DEPENDENCE OF THE INITIAL RATES FROM THE 
CATALYST LOAD AT FIXED SUBSTRATE CONCENTRATION  
When evaluating the kinetic characteristics of an enzyme-mimic system, a number 
of control experiments are required to verify that the observed rate is in fact due to the 
catalyst and not to some additional factors, such as transport effects. The kinetic data of 
the vi versus substrate concentration plot show a saturation hyperbola and one of the 
main issues of working with polymer catalysts is to assess whether the “saturation” 
effect is the result of real enzyme-like behaviour, or the outcome of mass transport 
phenomena. These, in fact, limit the rate at which the substrate can access the cavity and 
the product can be released. A very important experiment can be done to verify this 
hypothesis: the linear dependence of vi from catalyst concentration needs to be verified 
at both the lower and higher concentrations used. 
Experiments were then performed with 20% vol acetone at fixed substrate 
concentration and polymer loads varying between 0.125mg/ml and 1mg/ml. The 
experiments were first done at 2mM substrate concentration and the reaction progress 
curves for each experiment are shown in Graph 19. 
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Graph 19: This graph shows the reaction progress curves for different concentrations of imprinted 
polymer MIP-AS132. All the reactions were carried out in a ternary mixture of solvents 
DMF/DMSO/acetone 60/20/20 with a constant concentration of substrate 2mM and catalyst ranging 
from 0.125 mg/ml  to 1.0mg/ml. 
 
The data clearly show that, by using concentrations of catalyst higher than 
0.25mg/ml, the behaviour of the curve start deviating from linearity. This is also 
confirmed by the decreasing of the correlation parameter R2, for the curves representing 
0.5mg/ml and 1.0 mg/ml, justifying a hyperbolic fitting. For this reason the initial rates 
were determined using 4, 5 and 6 experimental points in order to ensure that the true 
value of vi was determined. 
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Table 8: Initial rates of imprinted polymer, vi , and catalyst loads using 20% vol/vol acetone and 2mM 
4-nitro-benzaldehyde. 
  
Graph 20 shows that the values of vi calculated using 6, 5 and 4 experimental data 
points, respectively, at the 4 different polymer concentrations of MIP-AS132. The data 
show that, while at the lowest catalyst concentration the values of vi are more or less 
similar, at high catalyst concentration the vi calculated with 4 data points is higher than 
with 6 points, indicating that the inclusion of the last 2 points inevitably leads to an 
underestimate of the vi, although the change at the highest concentration is only 10%. 
 When the values of vi are plotted as a function of catalyst concentration, the data 
points can be fitted with a linear regression line having a R2 coefficient equal to 0.99. 
This confirms that with 2mM substrate concentration the relationship between initial 
rates and catalyst concentration is linear. 
 
ENTRY CATALYST CONCENTRATION 
vi±  STANDARD ERROR (M min-1) 
(R2) 
6 DATA POINTS 5 DATA  POINTS 4 DATA POINTS 
1 0.125mg/ml 
5.18x10-8 ± 1.51x10-10 
(0.99) 
5.37x10-8 ± 9.80x10-10 
(0.99) 
5.45x10-8 ± 1.42x10-9 
(0.99) 
2 0.250mg/ml 7.58x10
-8
 ± 3.84x10-9 
(0.99) 
7.97x10-8 ± 3.00x10-9 
(0.99) 
8.40x10-8 ± 3.21x10-9 
(0.99) 
3 0.500mg/ml 1.52x10
-7
 ± 9.21x10-9 
(0.99) 
1.64x10-7 ± 7.82x10-9 
(0.99) 
1.74x10-7 ± 8.65x10-9 
(0.99) 
4 1.000mg/ml 
3.51x10-7 ± 2.05x10-8 
(0.99) 
3.70x10-7 ± 1.70x10-8 
(0.99) 
3.94x10-7 ± 1.75x10-9 
(0.99) 
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Graph 20: The graph shows the linear fitting for the initial rates obtained using different 
concentration of MIP-AS132 dissolved in a ternary mixture of DMF/DMSO/acetone = 60/20/20 and 
2mM substrate concentration. 
 
A similar experiment was carried out to determine the initial rates as a function of 
the catalyst concentration using the imprinted polymer and 10mM substrate 
concentration. The reason for using such a high concentration of substrate was due the 
necessity of saturating the catalyst in order to make more evident an eventual mass 
transfer effect. Given that, by using 10mM substrate, the reactions were too fast to be 
monitored by HPLC in real time, it was decided to take an estimate of the initial rates at 
three minutes as described in literature by C. H. Suelter.[209] The velocities were 
calculated as done previously with the free catalyst for the experiments involving 
200µM ProBS (see section 2.3.8), determining the concentration of product at 3minutes 
from the HPLC traces by means of a reference line and dividing it by the time. The 
resulting values, plotted against catalyst concentration, are shown in Graph 21. 
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Graph 21: The graph shows the linear fitting for the initial rates obtained using different 
concentration of MIP-DCP4 dissolved in a ternary mixture of DMF/DMSO/acetone = 60/20/20 and 
10mM substrate concentration. The initial rates were estimated by dividing the concentration, 
determined from the HPLC trace, by 3minutes. 
The graph shows a good linear dependence even at 10mM substrate, making clear 
that no mass transfer is observed. This brings to the conclusion that the saturation model 
shown by the imprinted polymers is not due to a mass transfer effect but to the 
formation of a catalytic complex between the polymer and the substrate. Moreover, this 
proves that a successful imprinted nanogels with a true aldolase type I activity was 
made for the first time. 
 
2.3.10 INHIBITION EXPERIMENTS 
In order to verify if the polymer was inhibited by the template, a set of experiment 
was carried out using the same procedure previously used to determine the number of 
active sites, by exploiting the template rebinding capabilities showed by the imprinted 
polymers. The solution containing the inhibited polymers, following the time needed for 
the rebinding, was allowed to react with acetone and 4-nitrobenzaldehyde in the same 
conditions as for the kinetic. The Graph 22 shows the progress reaction curves obtained 
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using the inhibited and not inhibited MIP-AS147. Unfortunately, there is no substantial 
difference between the two curves and the corresponding initial rates since they are both 
around 1.86x10-8 M min-1. 
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Graph 22: The graph shows the reaction progress curves for the MIP-AS147 not inhibited (●) and 
MIP-AS147 inhibited (▼). The reactions were carried out using 0.25mg/ml of polymer dissolved in a 
ternary mixture of DMF/DMSO/acetone = 60/20/20 and 2mM substrate. The initial rates, vi, for the 
polymers were evaluated by weighted linear regression using Sigmaplot software and resulted to be 
respectively 1.87 x 10-8 M min-1(S.E. ± 1.42 x 10-9) for the not inhibited and 1.85 x 10-8M min-1 (S.E.± 
8.26 x 10-10) for the inhibited. 
Initially this result seemed to be much unexpected and therefore the experiment was 
repeated several times with different batch of polymers, thinking of a mistake in the set 
up of the kinetic or possible contamination, nonetheless they resulted in an inhibited 
polymer as active as the not inhibited. The discussion moved then to other 
considerations trying to find out what could have affected the inhibition and a possible 
explanation could be found taking into account the equilibrium involved in the 
formation of the enaminone. 
From the studies on the template-monomer complex (see section 2.1.9) it was 
established that the enaminone is stable in dry and sealed conditions but very sensible to 
hydrolysis. Since the inhibition was performed in a dry and sealed environment using 
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molecular sieves as drying agents, no doubt that the polymer was inhibited, even 
because the same procedure was used to determine the active sites concentration. 
Unfortunately, the kinetic experiment could not be carried out in the same vial where 
the inhibition took place because the molecular sieves might have affected the reaction 
unpredictably. For this reason the solution was sampled with a syringe and transferred 
as quickly as possible into another vial where the kinetic was started soon after. 
In these conditions two possible causes can be brought up to clarify the failure of the 
kinetic of the inhibition experiments. The first could be that, during the transfer, 
although great care was taken to keep the solution moistureless, the same came into 
contact with moisture that hydrolysed the enaminone making effectively null the 
inhibition. The second hypothesis is based on the fact that the diketone, used almost 
stoichiometrically for the inhibition, could have been affected by the presence of 
acetone, which can compete for the formation of the enamine. In fact, although the 
covalent bond of the enaminone is more stable than the one of the enamine, in spite of 
this, the equilibrium involving the enaminone could be altered in favour of the enamine 
by the large excess of acetone that can displace the diketone. 
 
2.3.11 ENANTIOSELECTIVITY 
The imprinted polymers synthesised and investigated during this research project 
were not designed to control the enantioselectivity by mean of the imprinting strategy 
but using instead the property of the proline of inducing chirality in prochiral substrate 
such as aldehydes. Optical analysis of the functional monomer proline-based did not 
show any racemisation during the synthetic steps preceding the synthesis of the 
template-monomer complex and therefore the enantioselectivity was expected to be 
retained inside the imprinted cavities. For this reason it was not expected to have any 
improvement if compared with the free catalyst but a drop instead, due to possible 
alterations in the mechanism of the enantiodifferentiation operated by the free proline-
derivative in solution. In fact, the insertion of the proline into a polymer matrix could 
affect the interactions with the aldehyde inside the polymer cavities, resulting thus in a 
drop of enantiocontrol and therefore in enantioselectivity.  
Surprisingly, the analysis of the enantiomeric excess of the cross-aldol reaction 
product resulted similar to the one of the free catalyst in the same conditions 
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(DMF/DMSO/acetone = 60/20/20), since the free catalyst showed 68% ee whilst the 
MIP-AS147 showed 62% and the NIP-AS133 60% ee (see Figure 24-25). The result of 
the non-imprinted polymer was not unexpected because, although it does not have 
cavities, this was imprinted in presence of the optically active proline-derivative. 
 
Figure 24: HPLC trace of the racemic mixture of the β-hydroxy-ketone (195) obtained using an 
isocratic elution with hexane:2-propanol = 9:1. 
  
Figure 25 shows a typical HPLC trace obtained from a chiral analysis of a cross-
aldol reaction between 4-nitrobenzaldehyde and acetone catalysed by aldolase nanogels. 
 
Figure 25: HPLC trace of the mixture of the two enantiomers of β-hydroxy-ketone (195) and the 
condensation product (196) obtained using an isocratic elution with hexane:2-propanol = 9:1. 
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2.3.12  POLYMERS PREPARED WITH 2% OF FUNCTIONAL MONOMER 
In order to evaluate the influence of the functional monomer content on the kinetic 
activity of the imprinted polymer, a number of polymers were synthesised with a ratio 
functional monomer/acrylamide 1/5 keeping 80% of cross-linker content. As example it 
is here reported a graph of the reaction progress curves obtained using 1mg/ml of 
polymer MIP-AS141 and NIP-AS142 (see Graph 23).The amount of polymer used for 
this experiments was increased from 0.25mg/ml up to 1mg/ml to allow collecting the 
experimental data in the same timeframe used for the imprinted polymer containing 
10% functional monomer (1/1=functional monomer/acrylamide). 
From the graph it possible to notice that there is still a huge difference between the 
activity of the imprinted and non imprinted polymer, meaning that even reducing the 
amount of functional monomer it possible to have a successful imprinting. However, 
most importantly, this experiment aimed to verify if the reduction of the functional 
monomer content from 10% down to 2% would affect proportionally the catalytic 
activity. This can be verified by comparing the initial rate of the MIP-AS147 (10% of 
functional monomer) with the one of the MIP-AS141 (2% of functional monomer), 
obtained using 2mM substrate in the usual ternary mixture of solvents.  
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Graph 23: The graph shows the reaction progress curves for the MIP-AS141(●)  and NIP-AS142 (▼). 
The reactions were carried out using 1mg/ml of polymer dissolved in a ternary mixture of 
DMF/DMSO/acetone = 60/20/20 and 2mM substrate. The initial rates, vi, for the polymers were 
evaluated by weighted linear regression using Sigmaplot software and resulted to be respectively 3.44 x 
10-8 M min-1(S.E. ± 1.40 x 10-9) for the MIP and 4.86 x 10-9M min-1 (S.E.± 8.22 x 10-10) for the NIP. 
From the weighted linear regression of the data reported in Graph 23 resulted an 
initial rate of 3.44 x 10-8 M min-1, for 1mg/ml of MIP-AS141 and from the Graph 11 
resulted an initial rate of  3.99 x 10-8 M min-1, for 0.25mg/ml of MIP-AS147. Since the 
two values were obtained with two different polymer concentrations, in order to 
compare the two data it is necessary to divide the value of the MIP-AS141 by 4, which 
then results to be 8.587 x 10-9 M min-1. The ratio between the initial velocity of the MIP-
AS147 and the one of the MIP-AS141, estimated for 0.25mg/ml of polymer, resulted to 
be 4.7 meaning that the MIP-AS147 is almost 5 times faster than the MIP-AS141, 
which was expected given that MIP-AS141 should have 5 times less catalytic units. 
 This result shows that the reduction of the functional monomer content in the 
imprinted polymer does not affect sensibly the activity of the polymer itself. 
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2.3.13   SUMMARY OF NANOGELS KINETICS 
An extensive experimental work was carried out in order to investigate the catalytic 
activity of the nanogels preparations following the protocols used for the kinetic 
evaluation of the enzyme mimics. Firstly, the concentration of active sites in the 
polymer was evaluated using two different approaches involving the template rebinding 
methodology as well as the use of an irreversible chemical reaction exploiting the 
reactivity of the catalytic centre. Secondly, a full kinetic characterisation of the polymer 
preparations was performed by using the analytical technique of HPLC-RP to allow 
monitoring the real time cross-aldol reaction between 4-nitrobenzaldehyde and acetone. 
To satisfy the steady state condition the catalyst loading was kept in the range 0.7-
3.5mol %. From these experiments it was possible to establish that the nanogels kinetic 
behaviour was in adherence with the Michaelis-Menten saturation model, allowing 
therefore the determination of the corresponding parameters, Vmax and Km.  
The kcat of the imprinted and non imprinted polymers were calculated as ratios Vmax 
/[polymer active sites] making possible the determination of the imprinting efficiency as 
ratio of kcatMIP /kcatNIP = 20. This resulted to be the highest ever achieved, so far, for a 
molecularly imprinted nanogel with carbon-carbon bond capability. 
 To verify that the Michaelis-Menten behaviour of the aldolase nanogels was not an 
artefact due to a mass transfer effect, the initial rates were determined using 4, 5 and 6 
experimental points. These resulted to be reasonably constant, confirming therefore the 
hypothesis that the nanogels behave as true enzyme mimics. 
Moreover, analysis by chiral HPLC of the nanogels-catalysed reaction resulted in 
62% ee comparable with the ones of the free catalyst in solution determined in the same 
conditions, confirming that the enantioselectivity of the proline moiety was not 
hampered by the incorporation inside the nanogels matrix. 
These encouraging results prompted the idea of performing a comparative study 
between the aldolase nanogels and proline and ProBS, focussing the attention on the 
substrate conversion. The next section will briefly describe the preliminary results 
obtained from these experiments. 
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2.4 COMPARATIVE STUDY OF THE CATALYTIC ACTIVITY OF THE     
L-PROLINE AND L-PROLINE-BENZENE-SULFONAMIDE AND THE 
ALDOLASE NANOGELS 
 
2.4.0 INTRODUCTION 
The groundbreaking publication of List et al. in 2000,[123] regarding the ability of 
proline to catalyse the cross-aldol reaction with a high level of stereoselectivity marked 
a milestone for the field of organocatalysis. Since then, this new organic chemistry field 
had generated a plethora of small organic molecules, often structurally related to 
proline, capable of catalysing a number of organic reactions. In particular, the catalytic 
activity of proline has been investigated in all those reactions, whose mechanism 
involves an enamine as the catalytically active species.[123, 211-219] 
Having used ProBS in the polymeric matrix, it was decided to compare our data 
with the activity of the free catalyst to study the effect of the polymer matrix. Moreover, 
since most of the mechanistic studies available in the literature are focussed on proline, 
it was decided to carry out some experiments using also L-proline in order to have a 
direct comparison of this catalyst with the ProBS and the imprinted nanogels MIP-
DCP1. 
 
Figure 26:  N-phenylsulfonyl carboxamide (ProBS)[167] 
The following section will briefly describe the commonly accepted proline 
mechanism. 
 
2.4.1 PROLINE MECHANISM 
The catalytic mechanism of proline in the cross-aldol reaction has been thoroughly 
studied by Houk, List and co-workers[117, 218, 220] and this model is now accepted by 
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large part of the scientific community, although there are still some dissenting 
voices.[212] Scheme 58 illustrates the proposed mechanism. 
 
Scheme 58: Proline catalytic cycle in the cross-aldol  proposed by Houk-List.[117, 218] 
The initial step involves the formation of a carbinolamine species (209) between 
proline (114) and the donor ketone, followed by a dehydrocondensation to give the 
corresponding enaminium intermediate (210), which evolves in the active enamine 
(118). This reacts further with the acceptor aldehyde (194) to generate the 
corresponding proline-product intermediate (162), which is then hydrolysed to give the 
free product (196) and proline (114). 
Although this mechanism explains the catalytic activity of the proline catalysed 
cross-aldol reaction, there is one aspect of the activity of proline which has not been 
fully addressed, and that is the high proline loads required (>20%) in order to achieve a 
satisfactory conversion of substrate, with chemical yields >90%. 
A careful analysis of literature data confirms that, not only proline but also proline-
derivatives are mostly used in loads between 5% and 20%, with the latter giving the 
highest yields, and so attempts have been made to investigate this issue. In addition, the 
reactions are always monitored for a short length of time. It was decided to look at the 
product formation profile over a very long period of time to evaluate any formation of 
side-products or any evidence of decomposition of products. 
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2.4.2 INVESTIGATION OF PROLINE TURNOVER 
Given that proline is the organocatalyst against which all others are compared, it was 
decided to start the experiments using proline under the same conditions used for the 
kinetic studies with the imprinted nanogels. 4 experiments were set up with substrate 
concentration, the 4-nitrobenzaldehyde, equal to 1.8mM in a ternary mixture of 
DMF/DMSO/acetone = 60/20/20, and various catalyst loads (3%, 6%, 11% and 22%) in 
terms of load compared to substrate concentration. 
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Graph 24: The graph shows the product formation obtained during the cross-aldol reaction between 4-
nitrobenzaldehyde (1.8mM) and acetone (20%vol) catalysed by 3% (♦), 6% (▼), 11% (●) and 22% (○) 
proline in a ternary mixture of DMF/DMSO/acetone = 60/20/20. The concentration of product resulted 
from the sum of aldol and condensation products. The graph shows the data collected over the whole 
period of 32days. 
 The reactions were monitored by HPLC with the same method used for the 
imprinted nanogels. Reaction samples were taken at regular intervals for 32 days. The 
conversion % of the reaction was calculated as a sum of the aldol and condensation 
products and plotted as a function of time (Graph 24). The reaction profile in all cases 
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has two components: a fast phase that is complete within the first 5 hours followed by a 
slow linear phase. 
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Graph 25: Particular of the Graph 28 showing the product formation for the first 50h (fast phase). All 
the experimental points were fitted to the exponential rising to a max function, [P] = [S0](1-e-kt). 
Graph 25 shows an expansion of the same experimental data as for Graph 24 but 
collected up to 3500 minutes (50h). The data can be perfectly fitted to the exponential 
rising to a max function, [P]=[S0](1-e-kt), as expected for a progress reaction curve, and 
the parameters derived from the fitting are reported in the following Table 9. 
ENTRY CATALYST 
CONCENTRATION 
CATALYST 
PERCENTAGE [S0]±  STD. ERROR (M) TON 
1 50µM 3% 3.17x10-4 ± 5.14x10-6 6.0 
2 100µM 6% 5.73x10-4 ± 1.92x10-6 5,7 
3 200µM 11% 1.05x10-3 ± 1.12x10-5 5.2 
4 400µM 22% 1.62x10-3 ± 2.42x10-5 4.0 
Table 9: The table reports the parameters for proline corresponding to the fitting of the exponential 
rising to max function, [P] = [S0](1-e-kt), where a corresponds to the maximum product concentration. 
The TON was calculated using the expression [S0]/[cat]. 
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From the parameter [S0] it is possible to establish the maximum conversion for each 
catalyst load, since [S0] represents the asymptotic value corresponding to the maximum 
concentration of product achievable during the reaction. The term TON (turnover 
number) is considered here in its chemical, and not biochemical, definition as the 
number of molecules of substrate that each catalyst unit can convert into product before 
being inactivated. This value is calculated as the ratio of the maximum concentration 
[S0], as estimated from the exponential fitting, divided by the catalyst concentration. 
The fast phase can be clearly observed and it is apparent that only when 22% of 
catalyst is used, a huge chemical yield of product is observed quickly (90%). If lower 
percentages of catalyst are used, the fast phase stops when only 58%, 32% and 18% of 
product is obtained for 11%, 6% and 3% of catalyst respectively. This can only be 
interpreted by hypothesising that the catalyst is somehow inactivated during the reaction 
and can only carry out a limited number of turnovers. 
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Graph 26: Expansion of the Graph 24 showing the product formation for the time following the first 
50h of reaction. 
The slow phase of the reaction, shown enlarged in Graph 26, displays a linear 
dependence between product formation and time. The linear fitting of the different sets 
of data, although consistent with each other, appear to be faster than the single 
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background reaction in the same solvent system (see section 2.3.3.4). It is clear that an 
additional effect is present, possibly due to the catalyst, the product or some parasite 
species. Although an interesting observation, the limited time available prevented 
further work on this particular aspect. 
The overall observation from these experiments confirmed that high chemical yields 
of aldol product, β-hydroxyketone (195), can only be obtained with catalyst loads >20% 
and the observed catalyst inactivation can be explained with the presence of side 
reactions that subtract active catalyst units from the catalytic cycle, with the result of 
decreasing the effective catalyst load, therefore suppressing the activity. In the next 
section a brief review of the literature data on this topic will be discussed. 
 
 
2.4.3 PROLINE SIDEPRODUCTS 
The proline mechanism in the cross-aldol reaction (Scheme 26) has been studied and 
the commonly accepted explanation for the low chemical yield with low catalyst loads 
is the formation of sideproducts, which subtract active catalyst from the catalytic cycle. 
A number of reports in the literature reported interesting studies. 
List et al. in 2004[218] reported NMR evidence of formation of oxazolidinone species 
(213, 216), which, in their opinion, were termed “parasite” and were not actively 
involved in the catalysis.  
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Scheme 59: Proposed enamine mechanism with oxazolidinones as parasitic species.[212] The red species 
has not been spectroscopically characterised yet. 
On the other hand, Seebach et al., who in 1975 claimed to be the first to report the 
preparation of an oxazolidinone species between a double silylated proline and pival-
aldehyde, (218),[212] and who reported later on the synthesis of other analogous bicyclic 
compounds obtained from thiaproline (219),[221-224] hydroxyproline (220),[224] and 
azetidine-2-carboxylic acid (221),[221, 225] proposed an active role of the oxazolidinone  
(213) in the proline catalytic cycle (Scheme 60). 
 
Figure 27: Oxazolidinone derivatives prepared by Seebach et al.[212, 221, 223-225] 
In his view the species (213) has to be considered as a single intermediate having a 
pivotal role in the regioselectivity of the cross-aldol reaction. 
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Scheme 60: Alternative Seebach mechanism for proline with pivotal role of oxazolidinone.[212] 
Although the alternative pathway proposed by Seebach could justify the proline 
catalysed cross-aldol reaction, this cannot be applied to other proline derivatives such as 
the proline-tetrazoles (222), developed independently and almost simultaneously by 
Yamamoto,[226] Ley [167] and Arvidsson[211, 227] in 2004.  
In fact, very significantly, in 2004, Hartikka et al. reported NMR evidence that the 
proline tetrazole (222) did not form any oxazolidinone species, supporting the thesis for 
which this would only act as parasitic species in the proline mechanism.[211] 
The tetrazole is a well-known bio-isostere of the carboxylic 
acid functionality and it shows an increased lipophilicity, which 
can dramatically improve the solubility if compared with 
proline. Studies on the tetrazole reactivity demonstrated how 
the proline-tetrazole was a superior catalyst in the substrate 
conversion. In term of enantioselectivity it showed better results 
than proline when the activity was compared in solvents less polar than DMSO.[227] 
N
H NH
N
N
N
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The existence of parasitic species in the proline catalysed cross-aldol reaction was 
further confirmed by mechanistic studies carried out by Blackmond et al. since 
2004.[217, 228-231] This work has proved that when proline reacts with an aromatic 
aldehyde to form the imminium species (223), the resulting product can take two 
possible routes: it can form the bi-cyclo-oxazolidinone (224) or, following 
decarboxylation, it can generate a new species (225). The latter reacts with another 
molecule of aldehyde to give the oxa-pyrrolizidine (226), subtracting irreversibly 
proline from the equilibrium and depleting progressively the effective catalyst load 
(Scheme 61). 
 
Scheme 61: Formation of sideproducts between proline and an aromatic aldehyde. Oxazolidinone 
(224) and oxa-pyrrolizidine (226). Scheme reprised from reference 199.  
A different pathway leading to another side product is involved in the reaction 
between proline and acetone, which instead of generating the active enamine brings to a 
different bi-cyclo-oxazolidinone (228) that can be converted back to enamine in a later 
stage, as hypothesised by List et al. [218] (Scheme 62). 
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Scheme 62: Side reaction involving proline and acetone to generate a bi-cyclo-oxazolidinone (228). 
Scheme reprised from reference.[231] 
 Although the investigations of Arvidsson et al. lead to the conclusions that the 
proline-tetrazole is definitely a better catalyst than proline in terms of substrate 
conversion, nonetheless some doubt remains. The authors, in fact, did not explain why, 
by lowering down the catalyst concentration from 20% to 5%, the catalyst seemed not 
able to reach complete conversion. 
 The difference reported in the literature between proline and proline-tetrazole 
increased our interest to perform a set of experiments with ProBS in the same 
conditions as for proline, to observe any differences in the sulfonyl-carboxamide 
behaviour when compared with the proline but especially with the imprinted polymer. 
  
2.4.4 PROBS AND IMPRINTED POLYMER SUBSTRATE CONVERSIONS 
The literature data on ProBS, and ProBS derivatives, is limited, with only few 
publications available, all focussing on the chemical and optical yields of ProBS in 
comparison to proline but without any significant details of the catalytic mechanism. 
The first set of experiments was carried out to evaluate the percentage of substrate 
conversion over a long period of time for both ProBS and the imprinted polymer. The 
experiments were performed by dissolving the catalyst in a ternary mixture of 
DMF/DMSO/acetone = 60/20/20 and using 1.8mM 4-nitrobenzaldehyde substrate. The 
imprinted nanogel MIP-DCP1 was used in 0.25mg/ml load, corresponding to 73µM 
concentration of active sites (as previously determined by titration, see section 2.3.1) 
while ProBS in 50µM, 100µM, 200µM, and 400µM concentrations, corresponding to a 
catalyst load respectively of 3%, 6%, 11%  and 22%. The concentrations of the aldol 
and condensation products were determined by means of reference line for each 
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compound. Graph 27 shows the overall concentration of products formed as a function 
of time. 
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Graph 27:The graph shows the product formation obtained during the cross-aldol reaction between 4-
nitrobenzaldehyde (1.8mM) and acetone (20%vol) catalysed by 3%, 6%, 11% and 22% ProBS in a 
ternary mixture of DMF/DMSO/acetone = 60/20/20. The concentration of product resulted from the 
sum of aldol and condensation products. The graph shows the data collected over the whole period of 
32days. 
The first clear observation when comparing the data for ProBS with the ones for 
proline shown in Graph 24 is that even though the ProBS catalyst is less efficient, 
achieving the same percentage of conversion in longer time, the progress curve for 
ProBS does not appear to have 2 phases and the catalyst is not deactivated after a short 
period of time. 
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ENTRY CATALYST [CATALYST] CATALYST % 
CONVERSION 
% 
[S0] ±  STD. ERROR 
(M) TON 
1 
PROLINE 
50µM 3% 18 3.17x10-4 ± 5.14x10-6 6.0 
2 100µM 6% 32 5.73x10-4 ± 1.92x10-6 5,7 
3 200µM 11% 58 1.05x10-3 ± 1.12x10-5 5.2 
4 400µM 22% 90 1.62x10-3 ± 2.42x10-5 4.0 
5 
PROBS 
50µM 3% 61 1.09x10-3 ± 3.46x10-5 21 
6 100µM 6% 77 1.39x10-3 ± 2.17x10-5 14 
7 200µM 11% 95 1.71x10-3 ± 1.53x10-5 8.5 
8 400µM 22% 94 1.69x10-3 ± 7.11x10-6 4.2 
Table 10: The table shows the overall product conversion for various Proline and ProBS loads. The 
maximum concentration, a, was obtained by fitting the experimental data to the exponential function 
rising to max, [P] = [S0](1-e-kt), and the TON values were obtained with the expression [S0]/[cat]. 
Table 10 shows comparison of the data obtained for proline and ProBS under the 
same experimental conditions, reporting the results as overall percentage of substrate 
conversion. The experimental data in both cases were fitted to the exponential rising to 
max function, [P]=[S0](1-e-kt), where [S0] corresponds to the maximum product 
concentration. The data of the overall conversion clearly indicate that ProBS even at the 
lowest catalyst load (3%) is still delivering an overall 61% conversion, while proline, 
with the same load, can only form 18% of product. 
The reaction progress curves for the ProBS at 3% and 6% catalyst loads were also 
compared with the same curve obtained for 0.25mg/ml of polymer MIP-DCP1, 
corresponding to 4% load, and the resulting plots are shown in Graph 28. 
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Graph 28: The graph shows the progress curves for a cross-aldol reaction catalysed by 0.25mg/ml of 
MIP-DCP1, corresponding to 4.0% catalyst (▲), and 3% ProBS (▼), 6% ProBS(♦), using 20%acetone 
and 1.8mM substrate. All the experimental points fitted the exponential rise to max function,              
[P] = [S0](1-e-kt). On the right axis there is indication of the maximum conversion achievable from 
each catalyst load. 
 
The experimental data show that the imprinted polymer, used in 4% load, is able to 
achieve 97% conversion of the product while ProBS used in 3% only achieve 61%. This 
appears to indicate that the imprinting technique is able to improve the catalyst 
efficiency and probably influence the overall mechanism. 
The data for the ProBS and the imprinted nanogel MIP-DCP1 are rationalised in 
Table 11. 
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ENTRY CATALYST [CATALYST] CATALYST % 
[S0] ±  STD. ERROR 
(M) 
CONVERSION 
% T.O.N. 
1 
ProBS 
50µM 3% 1.09x10-3 ± 3.46x10-5 61 21 
2 100µM 6% 1.39x10-3 ± 2.17x10-5 77 14 
3 200µM 11% 1.71x10-3 ± 1.53x10-5 95 8.5 
4 400µM 22% 1.69x10-3 ± 7.11x10-6 94 4.2 
5 MIP 73µM 4% 1.74x10-3 ± 2.12x10-5 97 24 
Table 11: The table reports the parameters for the ProBS and the MIP-DCP1, obtained fitting the 
experimental data to the exponential rising to max function, [P] = [S0](1-e-kt), where a corresponds to 
the maximum product concentration. The TON were calculated using the expression [S0]/[cat]. The 
experimental data represent the overall product formation. 
  
Interestingly it shows that the TON is also highest with the MIP. This is a very 
significant result because it indicates that the imprinted polymer is having a functional 
effect as opposed for being a simple support for the catalytic moiety. Moreover, these 
results could indicate that there should be some differences between the species 
involved in the mechanism of the “free” catalyst and the catalytic unit inside the 
imprinted polymer. 
The data presented so far have focussed only on the overall conversion of substrate 
into products. The next step was to evaluate if the different catalysts had an effect on the 
rate of the β-hydroxy-ketone and condensation product. 
 
2.4.5 EVALUATION OF THE ALDOL AND CONDENSATION PRODUCTS ON 
THE OVERALL SUBSTRATE CONVERSION 
The reaction catalysed by ProBS showed a remarkable difference in the ratio of 
formation of β–hydroxy-ketone, the aldol product, and of α-β–unsaturated ketone, the 
condensation product. The data were analysed in details by quantifying each product 
separately and plotting it as a function of time.  
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2.4.5.1 EVALUATION OF THE ALDOL PRODUCT 
The concentration of aldol product, determined by means of a reference line from 
the HPLC traces, was plotted versus time, and the resulting reaction progress profiles 
relatives to the various ProBS loads were compared with the plot from the imprinted 
polymer in the following Graph 29. 
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Graph 29: The graph shows the progress curves for the formation of the aldol product catalysed by 
0.25mg/ml (4%) of MIP-DCP1 (■), 3%(▼), 6%(♦), 11% (●) and 22%ProBS(●) using 20%acetone and 
1.8mM substrate. All the experimental points were fitted to the exponential rise to max function,        
[P] = [S0](1-e-kt). 
It can be observed that, among the data regarding the aldol production, the one for 
the imprinted polymer is the highest, with an overall yield on β-hydroxy-ketone of 70% 
versus 46% obtained with 6% of ProBS. The polymer therefore is a better catalyst than 
ProBS with regard to aldolase activity. Moreover, the data regarding the MIP-DCP1 
confirm that the nanogel is able to achieve the highest concentration of β-hydroxy-
ketone  with a catalyst load 5 times lower than the highest ProBS load, 22%, which 
stops working after reaching 54% conversion. 
From the two previous graphs (Graph 27 and 28) it was possible to deduct that, 
although significantly slower than proline, ProBS with the same catalyst load seemed to 
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be less prone to be affected by formation of irreversible side products, which deplete the 
concentration of active catalyst. Nonetheless, even ProBS is likely to undergo formation 
of parasite species that undermine its catalytic activity. The deactivation of the ProBS 
can be explained, as well as the one of proline, by formation of side products. 
Up to now there are no literature data reporting study of the side products related to 
the class of the sulfonyl-pyrrolidine-2-carboxamide (182). However some evidence of 
bicycle sideproducts similar to the ones formed by proline is reported for the class of the 
proline thioamides.[162, 232] In view of this fact, it is reasonable to think that the ProBS 
could undergo formation of the same kind of sideproducts, as reported in the following 
scheme (Scheme 63). 
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Scheme 63: Formation of imidazolidinone (230) based on similarity with literature data reported by 
Lipinsky et al.[162, 232] 
 
On the base of this assumption it would be possible for ProBS to form a similar 
sideproduct even with an aromatic aldehyde (Scheme 64). 
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Scheme 64: Possible formation of imidazolinone (232) derived from aromatic aldehyde, such as 4-
nitrobenzaldehyde and ProBS. 
 The formation of these side products would therefore explain the deactivation of the 
ProBS towards the aldol formation. One substantial difference between proline and 
ProBS is the possibility of forming irreversible side products, such as the (226) (Scheme 
61). The ProBS, in fact, cannot undergo decarboxylation as proline and therefore cannot 
form compounds that subtract irreversibly the catalyst from the aldol catalysis. 
 Table 12 represents a comparative table for the value of conversions and TONs 
relative to the aldolase activity of proline, ProBS and imprinted polymer MIP-DCP1. 
The analysis of the data obtained by the MIP-DCP1 leads therefore to the conclusion 
that the catalyst unit, ProBS-based, inserted in the polymer matrix seems to be less 
affected by the formation of the parasitic species, which might affect the free catalyst in 
solution. This result is further confirmed by looking at the TONs values relatives to the 
aldol addition for ProBS and imprinted polymer, since the nanogels achieved a TON 
equal to 17, the highest TON in the set of the aldolase activity. 
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ENTRY CATALYST [CATALYST] CATALYST LOAD 
[S0] ±  STD. ERROR 
(M) 
CONVERSION 
% TON 
1 
Proline 
50µM 3% 3.17x10-4 ± 5.14x10-6 18 6 
2 100µM 6% 5.73x10-4 ± 1.92x10-6 32 5.7 
3 200µM 11% 1.05x10-3 ± 1.12x10-5 58 5.2 
4 400µM 22% 1.62x10-3 ± 2.42x10-5 90 4 
5 
ProBS 
50µM 2% 7.31x10-4 ± 3.18x10-5 41 14 
6 100µM 6% 8.26 x10-4 ± 1.67x10-5 46 8 
7 200µM 11% 1.01x10-3 ± 9.56x10-6 56 5 
8 400µM 22% 9.66x10-4 ± 6.54x10-6 54 2.4 
9 MIP-DCP1 73µM 4% 1.26x10-3 ± 2.04 x10-5 70 17 
Table 12: The table reports the parameters for proline, ProBS and MIP-DCP1, corresponding to the 
fitting of the exponential rising to a max function, [P] = [S0](1-e-kt), where [S0] corresponds to the 
maximum product concentration. The TONs were calculated using the expression [S0]/[cat]. The 
experimental data are based on the aldol product formation. 
In order to have a complete picture of the distribution of the substrate conversion 
operated by ProBS and imprinted polymer it is necessary to analyse separately also the 
data regarding the production of unsaturated ketone. 
 
2.4.5.2 EVALUATION OF THE CONDENSATION PRODUCT 
As mentioned earlier (see section 2.3.3.5), the aldol product, in the cross-aldol 
reaction catalysed by proline derivatives, is sided by the aldol condensation, whose 
extent is very much related to the reaction conditions and especially to the nature of the 
catalyst. In the conditions used to perform the kinetics with the polymers, the formation 
of this side product did not affect significantly the determination of the aldol product. In 
addition, during the experiments carried out with different concentrations of proline, the 
condensation product was formed in a negligible amount if compared with the aldol. 
Since there was little difference between a plot of the aldol concentration and a plot of 
the total product, given that the  condensation products was always less than 0.22% of 
the aldol, it was decided to present the latter, focussing on the global conversion of 
substrate into products. The same was done with the ProBS in order to make possible a 
direct comparison of the overall conversion. 
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The influence of the aldol condensation over the aldol addition was studied for the 
trifluoroacetyl-prolinamide 233 (Scheme 65) by Wang et al.,[207] who reported the 
analysis of the effect of the solvent system on the aldol condensation for this catalyst. 
While studying the new catalyst on the aldol addition, the authors noticed that using 
DMSO as solvent only the unsaturated ketone was formed in 93% yield and no aldol 
product was observed. 
By screening the catalyst with several substrates for the aldol reaction it was 
observed that the ratio between the condensation and the addition was variable but was 
essentially affected by the polarity of the solvent used. By substituting DMSO with 
DMF, a solvent with similar polar character, the yield of condensation dropped from 
93% to 71% and the aldol was formed in 28%. The use of other solvents led to a 
mixture of the two products, where often the aldol was the major one. The authors 
concluded that the effect of the DMSO was essential on directing the reaction toward 
the condensation instead of the addition. 
The formation of the condensation product was then hypothesised to happen either 
on the base of dehydration of the aldol product or as a result of a Mannich-elimination 
process between the catalyst and the aldehyde as illustrates in the following Scheme 65. 
 
Scheme 65: The scheme illustrates the formation of the condensation product (196) during a cross-
aldol reaction catalysed by the catalyst (233).[207] 
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 The hypothesis involving the formation of the unsaturated ketone due to the 
dehydration of the aldol product, usually applied in the case of the acid or base-
catalysed cross-aldol reaction, was discarded. In fact, the authors monitored the cross-
aldol reaction carried out in DMSO and they did not observe any aldol formation. Given 
that the dehydration mechanism starts from the aldol, the authors concluded that the 
condensation product should be originated following a different pathway. Moreover, an 
additional experiment was carried out to confirm this hypothesis. The pure β-hydroxy-
ketone was allowed to react with 20% catalyst (233) and after 12h the reaction mixture 
did not show presence of dehydration product. 
Based on these results, the authors hypothesised that the condensation product could 
be formed as a result of a Mannich-elimination process (Scheme 65). This mechanism 
was rationalised on the base of the stability of the intermediate 234, which was 
supposed to be promoted by DMSO. On the basis of these findings it is reasonable to 
expect the ProBS (182) having the same behaviour as the trifluoroacetyl-prolinamide 
(233), especially because the solvent system used in this set of experiments was a 
mixture of DMF/DMSO/acetone (chosen because of the nanogels solubility, see section 
2.2). 
In order to assess the behaviour of ProBS and the polymers, the concentration of the 
condensation product was determined by means of a reference line from the HPLC 
traces of each catalyst load. The experimental data regarding the reaction progress 
curves of the unsaturated ketone were then plotted and fitted to the exponential curve 
obtaining the Graph 30, which illustrates the extent of the condensation product for the 
ProBS and imprinted polymer MIP-DCP1. 
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Graph 30: The graph shows the progress curves for the formation of the condensation product 
catalysed by 0.25mg/ml (4%) of MIP-DCP1 (■), 3%(▼), 6%(♦), 11% (●) and 22%ProBS(●) using 
20%acetone and 1.8mM substrate. All the experimental points were fitted to the exponential function 
rise to max, [P] = [S0](1-e-kt). 
 
From the data shown in Graph 32, it can be observed that the amount of the 
condensation product is significant for all the ProBS loads, however the polymers 
appear to be capable of suppressing the condensation reaction in favour of the aldolase 
product. In fact, as results from Table 13, the maximum yield of condensation product 
that can be generated from the polymer is equal to 28%, as opposed of the ProBS, 
whose conversion into condensation product reached a maximum of 40% for the 22% 
catalyst load.  
 
 
 
Chapter II: Results and Discussion – Organocatalysts Kinetic 
 
 
210
ENTRY CATALYST [CATALYST] (µM) 
CATALYST 
LOAD 
(%) 
[S0]±  STD. ERROR 
(M) 
SUBSTRATE 
CONVERSION 
(%) 
TON 
1 
ProBS 
50 3 3.59x10-4 ± 5.53x10-6 20 7 
2 100 6 5.57x10-4 ± 6.12x10-6 31 6 
3 200 11 6.89x10-4 ± 6.16x10-6 38 3.4 
4 400 22 7.22 x10-4 ± 2.89 x10-6 40 1.8 
5 MIP-DCP1 73 4 5.08x10-4 ± 1.83x10-5 28 7 
Table 13: The table reports the parameters for the ProBS and the MIP-DCP1, corresponding to the 
fitting of the exponential rising to max function, [P] = [S0](1-e-kt), where a corresponds to the 
maximum product concentration. The TONs were calculated using the expression [S0]/[cat]. The 
experimental data are based on the formation of the condensation product. 
The indication that comes from these data is that the ProBS seems to be affected by 
side reactions as well as proline, but in a less significant extent. In fact, it seems to have 
higher TON, which means it is able to convert a number of substrate molecules higher 
than proline before becoming inactivated. On the other hand, the ProBS is affected by 
the formation of condensation product that is accountable for up to 40% of the overall 
substrate conversion. In this context, the performance of the imprinted polymers seems 
to indicate that the active site of the polymer, containing a catalytic residue of ProBS, is 
not affected by issues of inactivation due to side reactions, since it is capable of 
achieving a complete substrate conversion with a catalyst load as low as 4%.  
Moreover, the data related to the condensation product point out that the polymer is 
capable of reducing the extent of this side reaction. These findings are confirmed by the 
TON of the polymer, which is the highest among the ones reported in these set of 
experiments with a value of 24 for the overall substrate conversion and 17 for the 
conversion of substrate into aldol. In any case, the highest value for the proline is 6 for 
the 2.8% catalyst load. 
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2.4.6 SUMMARY FOR KINETICS OF THE ORGANOCATALYSTS 
The outcomes of this work suggest that the use of the imprinting strategy can allow 
generation of active sites able to improve the characteristics of the free catalyst by 
reducing the extent of the sideproducts and improving their ability of catalysing the 
chosen reaction. Although lack of time at the end of this research project prevented a 
more exhaustive investigation, the experiments performed helped to clarify some 
aspects related to the differences between the activity of the imprinted polymer MIP-
DCP1 and the corresponding free catalyst. 
These experiments demonstrated that when an imprinted polymer proline-based is 
used to perform a cross-aldol reaction, the low catalyst load does not prevent the 
achievement of a complete substrate conversion. In fact, the formation of parasitic 
species is somehow suppressed leaving the catalytic unit free of performing the 
reaction, causing therefore an increase of the TON value. Moreover, the use of the 
imprinted polymer reduces the extent of the competing aldol condensation. It could be 
suggested that this “improvement” is a result of the imprinted cavity effect that 
facilitates the aldol reaction, for which it was designed, and disfavours the condensation 
and the formation of parasitic species, which do not fit well enough in the active site. 
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2.5  CONCLUSIONS 
 
An acrylamide-based nanogel was successfully imprinted using a covalent approach, 
by formation of a reversible enaminone (198), to obtain nanogels preparations that show 
remarkable catalytic activity, turnover and enantioselectivity toward the cross-aldol 
reaction between 4-nitrobenzaldehyde (194) and acetone. The low concentration used 
together with the good solubility and high imprinting efficiency make these materials a 
valuable alternative to biochemical catalysts. The data presented in this thesis 
demonstrate the superiority of nanogels, when the molecular imprinting approach is 
used, over “bulk” polymers for the generation of catalysts.om article) 
 Moreover, preliminary studies carried out by comparing the activity of the aldolase 
nanogels and the corresponding free organocatalyst, seem to indicate that it is possible 
to alter the behaviour of the organocatalyst in solution. The generation of a specific 
three dimensional environment around the catalytic centre allows control of the 
reactivity of the catalyst minimising the cross-aldol condensation reaction in favour of 
the cross-aldol addition. 
This work represents a significant advance in the field of enzyme mimics and 
confirms the potential of the imprinting approach. The strategic design of the template 
molecule offers the invaluable opportunity to generate “ad hoc” catalyst with tailored 
specificities and that are able to give access to a range of molecules otherwise difficult 
to obtain. 
The future work will follow the path opened by the encouraging results obtained so 
far with the first generation of aldolase nanogels, which prompted the need of further 
investigations on two different aspects emerged from the present work. The first is a 
better understanding of the details underpinning the mechanistic differences between 
the cross-aldol reaction promoted by the “free” organocatalyst and the corresponding 
imprinted nanogels, which are currently under investigation. Secondly, the design of 
more complex templates will be next carried out with the aim of achieving control of 
the regioselectivity of the cross-aldol reaction over a wide range of substrates.  
 
  
CHAPTER III 
MATERIALS AND METHODS 
Chapter III: Materials and Methods - General 
 
 
214 
3 MATERIALS AND METHODS 
 
3.1 MATERIALS 
CHEMICALS FOR SYNTHESIS: Proline (Acros), prolinamide (Acros), 4-OH-proline 
(Acros), N-Fmoc-proline, N-Boc-proline (Nova Biochem), N-Boc-4-OH-proline-
methyl-ester (Nova Biochem), N-Fmoc-4-OH-proline (Nova Biochem), sodium 4-vinyl-
benzenesulfonate (Alfa Aesar), DMAP (Fluka), DCC (Aldrich) were used without any 
further purification. AIBN (Fluka) was recrystallised twice from ethanol. 
CHEMICALS FOR KINETICS: 4-nitrobenzaldehyde (Fluka) used in the kinetic 
experiments were recrystallised twice using a mixture of ethanol/water. The purity of 
each batch was tested before use by injecting a sample of a 2mM solution in the HPLC-
RP and verifying that the purity was above 99%.  
SOLVENTS: DMSO 99% anhydrous with sure seal, DMF 99% anhydrous with sure seal, 
reagent grade acetone 99% were purchased from Aldrich. 
TUBULAR DIALYSIS MEMBRANES: 
Medicell International Ltd, 3500/2 size, 22.0 mm diameter, molecular weight cut-off 
3500 Dalton. 
CHROMATOGRAPHY: Flash chromatography was performed with silica gel for flash 
chromatography from BDH. Thin layer chromatography were performed on pre-coated 
aluminium-backed silica gel 60 F254 plates (Merck), and were visualised by mean of a 
UV-Vis lamp at 254nm or a basic oxidising solution of KMnO4 or ethanol solution of 
ninhydrine followed by heating. 
SYRINGES: Glass micro syringes were used for the kinetic analysis: 25µl Hamilton flat 
needle for HPLC injections; 1000µl, 250µl, 100µl and 50µl SGE gas-tight with Teflon 
end and bevelled needles (std. error = ±1%); 500µl, 250µl, 100µl, 25µl, 10µl Hamilton 
bulk steel with bevelled needles (std. error = ±1%). 
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3.2 INSTRUMENTS 
NMR SPECTROSCOPY 
1H-NMR spectra were recorded at ambient temperature on JEOL EX-270 or Bruker 
AV-400 spectrometers at 270 and 400 MHz respectively, with residual protic solvent as 
the internal reference; Chemical shifts (δ) are given in parts per million (ppm) and 
coupling constants (J) are given in Hertz (Hz). The proton spectra are reported as 
follows δ/ppm (number of protons, multiplicity, coupling constant J/Hz, assignment). 
13C-NMR (100MHz) spectra were recorded at ambient temperature on the same 
spectrometers at 67 and 100 MHz with the solvent peak as the internal reference. Two 
dimensional COSY NMR spectroscopy was used where appropriate, to aid the 
assignment of signals in the 1H-NMR spectra. 1H-NMR peak multiplicities are reported 
as follows: s (singlet), d (doublet), dd (doublet of doublet), t (triplet), q (quartet), m 
(multiplet). 
 
UV-VIS SPECTROSCOPY 
UV-Vis analyses were performed using a Varian Cary 300 BIO UV–Vis 
spectrophotometer, equipped with an internal thermostat. 
MASS SPECTROMETRY 
Low-resolution Mass Spectrometry (LC-MS) performed using a HPLC-RP HP Agilent 
1200 combined with a Bruker Esquire 3000 with MSD Trap and a generator of nitrogen 
manufactured by Domnick Hunter, model LCMS20-0 230V. 
High Resolution Mass Spectrometry (HR-MS) performed at EPSRC National Centre, 
Swansea with ZQ4000 nano-electrospray. 
IR SPECTROSCOPY: Infra-red spectra were obtained on a Shimadzu FT-IR-8300 
spectrometer from thin film or nujol supension using NaCl plates or on a Bruker Tensor 
37 FT-IR device from thin film deposited on a PIKE MIRacle ATR (Attenuated Total 
Reflectance) accessory. 
POLARIMETER: Jasco P-1010 with filter at 589nm (Na line). 
MELTING POINT: Reichert – Austria and STUART, melting point │SMP3│. 
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MICROWAVE OVEN FOR MOLECULAR SIEVES ACTIVATION: Delonghi 800W. 
FREEZE DRYER: Edwards, Super Modulyo. 
STOPWATCH: Casio Stopwatch HS-30W. 
DATA ANALYSIS SOFTWARE FOR KINETICS: Sigmaplot 8.0 from SPSS inc. 
DYNAMIC LIGHT SCATTERING (DLS) ZETASIZER: 
The particles sizes were determined by DLS, in the Material Department at QMUL, 
using a Nano ZS Zetasizer instrument (MALVERN) on 0.5mg/ml DMSO nanogel 
solutions. 
TRANSMISSION ELECTRON MICROSCOPY (TEM): 
The particles sizes were determined by TEM analysis, performed on nanogels particles 
using a JEOL 1200EX (120kV) with a beam at 90˚ on a 300 mesh copper grid, after 
staining them with OsO4, a darkening agent used to oxidize the double bonds.  
GEL PERMEATION LIQUID CHROMATOGRAPHY (GPLC) 
The molecular weight of the particles was determined by GPLC. Chromatographs were 
recorded using a HPLC HP Agilent 1200 with a column Tosoh TSK-Gel H6 using a 
calibration curve obtained with poly-methyl-methacrilate (PMMA). 
HPLC (REVERSE PHASE AND CHIRAL NORMAL PHASE) 
Analytical HPLC was performed on a Shimadzu HPLC system (System Controller 
SCL-10Avp, Column Oven CTO-10ASvp with 20µl loop injector, UV-Vis Detector 
SPD-10Avp, 2 Pumps LC-10ATvp, Class VP 5.2 Software). Some experiments (e.g. 
some of the active sites titration) were performed on a HP Agilent 1100 system 
equipped with an autosampler. 
HPLC-RP: Chemical yields of aldol reactions were determined by using an analytical 
Reverse Phase column equipped with a pre-column: Guard Holder HICHROM HI-161 
with cartridge HI-5C18-10C, Column HICHROM HI-5C18-250A, 150Å pore size, 5µm 
particle size, 4.6 x 250 mm, flow rate 1.0 ml/min; solvent A: water Hipersolv (BDH) 
with 0.1% trifluoroacetic acid (TFA) (99% Lancaster); solvent B: acetonitrile Hipersolv 
(BDH); oven temperature 25˚C; overall max exercise pressure 134bar. 
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HPLC-NP: Optical yields (ee %) of aldol reactions were determined by using a chiral 
analytical Normal Phase column Daicel Chiralcel OJ-H, 150Å pore size, 5µm particle 
size, 4.6 x 250 mm, equipped with a pre-column: cartridge holder Daicel for Chiralcel 
columns with cartridge OJ-H 0.4cm ∅ x 1cm,; solvent A: Hexane Hipersolv (BDH) or 
Chromasolv (BDH); solvent B: 2-propanol Hipersolv (BDH); flow rate 1.0 ml/min; 
oven temperature 25˚C; overall max pressure 50bar. 
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3.3 SYNTHESIS 
3.3.0 SYNTHESIS OF THE TEMPLATE MOLECULE 
Preparation of racemic aldol product 4-hydroxy-4-(p-nitrophenyl)butan-2-one [24] 
(195) 
 
p-Nitro-benzaldehyde (194) (2.00 g, 13,20 mmol) was dissolved in acetone (24.00 ml, 
18.70 g, 322.30 mmols, 23.60 eq.) in an ice bath. NaOH 0.24M (2.60 ml, 0.60 mmols, 
0.05 eq.) was added and the mixture was stirred for 20 minutes at 0˚C, after which TLC 
monitoring (40% PetEt in EtOAc) showed complete reaction. After removal of acetone 
under reduced pressure, the mixture was extracted with DCM (3 × 100 cm3) and the 
combined organic layers were dried over MgSO4, filtered and the solvent evaporated to 
leave a brown solid, which was purified by column chromatography on silica using 30% 
petroleum spirit in diethyl ether as eluent to give the title compound 195 (2.12 g, 77%) 
as a pale green solid. M.p. = 67-69˚C; UV-VIS: λmax (30% ACN in H2O)/nm 283 and 
λmax (10% IPA in Hex)/nm 270; IR: νmax (film)/cm-1 3446, 2359, 1712, 1509, 1339, 
1076 (Lit.[233]). 1H-NMR δH (270 MHz, CDCl3) = 8.19 (2H, d, J=8.9, Ar-H-ortho), 7.51 
(2H, d, J=8.9, Ar-H-meta), 5.26, (1H, m, -CH-), 3.58 (1H, d, J=3.45, -OH), 2.84 (2H, d, 
J=7.4, -CH2), 2.20 (3H, s, -CH3); 13C-NMR δC (100MHz, CDCl3) = 208.9 (-C=O), 
150.3 (O2N-CAr), 147.7 (Ar-C-C-OH), 126.8 (2C, Ar), 124.6 (2C, Ar), 69.3 (Ar-C-OH), 
51.9 (-CH2-), 31.1 (-CH3) (Lit.[234, 235]). 
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Preparation of condensation product (E)-4-(4-nitrophenyl)but-3-en-2-one[24] 
(196) 
 
p-Nitro-benzaldehyde (194) (2.07 g, 13,70 mmol) was dissolved in acetone (24.00 ml, 
18.70 g, 322.30 mmols, 23.60 eq.) in an ice bath. NaOH 0.24M (3.00 ml, 0.70 mmols, 
0.05 eq.) was added and the mixture was stirred for 15 minutes at 0˚C, after which TLC 
monitoring (40% PetEt in EtOAc) showed complete reaction. After removal of acetone 
under reduced pressure, the mixture was extracted with EtOAc (3 × 100 cm3) and the 
combined organic layers were dried over MgSO4, filtered and the solvent evaporated to 
leave a brown solid, which was purified by column chromatography on silica using 40% 
petroleum spirit in ethyl acetate as eluent to give the title compound 196 (0.42 g, 16%) 
as an intense yellow solid. Analysis of the NMR data indicated the presence of the 
product only as E isomer. M.p.: 108-110˚C. IR: νmax (film)/cm-1 1667, 1594, 1512, 
1343, 1263, 977, 861, 828, 744. 1H-NMR δH (CDCl3, 270MHz) = 8.24 (2H, d, J=8.9, 
Ar-Hortho,), 7.67 (2H, d, J=8.9, Ar-Hmeta), 7.52 (1H, d, J =16.2, C(4)H-,), 6.80 (1H, d, J 
=16.2, C(3)H,), 2.41 (3H, s, CH3). 13C-NMR δC (CDCl3, 67MHz) = 197.6 (-C=O), 
148.7 (O2N-CAr), 140.7 (CAr-C=C), 140.1 (CAr-C(4)=C-), 130.5 (CAr-C=C(3)-), 128.9 
(2C, Ar), 124.3 (2C, Ar), 28.1 (-CH3). (Lit.[236]) 
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Preparation of template 4-hydroxy-4-(4-nitrophenyl)but-3-en-2-one[171] (197) 
 
Bu4N+HSO4- (3.95 g, 11.64 mmol, 0.50 eq.) was added to a solution of 4-hydroxy-4-(p-
nitrophenyl)butan-2-one (195) (4.86 g, 23.23 mmol) dissolved in DCM (60.00 ml) and 
stirred at 0 °C (ice bath). An oxidising solution, prepared by adding K2Cr2O7 (3.41 g, 
11.60 mmol, 1 eq.) to diluted H2SO4 (60.00 ml, 30% vol/vol), was added slowly portion 
wise. TLC monitoring (40% PetEt in EtOAc) showed complete reaction after 15 
minutes. The two phases were separated and the water phase extracted with DCM (2 × 
100 ml). The combined organic layers were washed once with saturated NH4Cl (100 
ml), dried over MgSO4, filtered and evaporated. The crude product was purified by 
column chromatography on silica using 10% EtOAc in PetEt as eluent to give the title 
compound 197 (2.60 g, 54%) as a strong yellow fluffy solid. M.p.: 115-117˚C. HR-MS 
(ESI) [M]+ found 206.0458. Calculated for C10H9NO4 206.0459. UV-VIS: λmax(ACN) 
253nm and 326nm. IR νmax (nujol)/cm-1: 1720 and 1219 cm-1; IR: νmax (neat film)/cm-1 
3111, 1513, 1344, 1320, 1274. 1H-NMR δH (CDCl3, 270MHz) = 15.89 (1H, s, 
C(4)OH), 8.27 (2H, d, J=8.9 Ar-Hortho), 8.00 (2H, d, J=8.9, Ar-Hmeta), 6.21 (1H, s, 
C(3)H-), 2.21 (3H, s, C(2)-C(1)H3). 13C-NMR δC (CDCl3, 67MHz) = 196.2 (-C=O), 
179.2 (C(4)-OH), 149.8 (O2N-CAr), 140.5 (CAr-C(4)-OH), 127.9 (2C, Ar), 123.9 (2C, 
Ar), 98.1 (C(3)H-C=O), 26.5 (-CH3). 
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3.3.1 SYNTHESIS OF PROLINAMIDE-BASED MONOMERS AND MONOMER 
ANALOGUES 
Preparation of N-(4-ethylphenyl)-pyrrolidine-2-carboxamide (179) 
 
DCC (0.51 g, 2.45 mmols, 1.23eq.) was added to N-Boc-(L)-proline (166) (0.43 g, 2.00 
mmols) dissolved in DCM (5.00 ml). The reaction mixture was left stirring for 30 
minutes, after which 4-ethyl-aniline (178) (0.25 ml, 0.26 g, 2.00 mmols, 1eq.) was 
added drop wise and the mixture left stirring overnight at RT. TLC monitoring (30% 
Hex in Et2O) showed the coupling reaction complete after 270 minutes, after which the 
DCU was filtered off and the DCM solution concentrated to 3.00 ml. TFA (3.00 ml) 
was added to the solution, which was left stirring overnight. Solid Na2CO3 was then 
added to the DCM solution and the resulting mixture was left stirring for 3h. The 
organic phase was extracted with water (2 × 100 ml) and dried over Na2SO4, filtered 
and the solvent evaporated under reduced pressure to afford to a white solid. 
Purification by column chromatography on silica was performed with a gradient ranging 
from 30% Hex in Et2O to 20% MeOH in Et2O as eluent, to lead to the title compound 
179 (0.14 g, 33% yield over two synthetic steps). LC-MS m/z: [MH]+ = 219.1; 
Calculated for C13H18N2O 218.1; 1H-NMR δH (CDCl3, 270MHz) = 9.65 (1H, s, O=C-
NH-Ar,), 7.47 (2H, d, J=8.3, Ar-Hortho), 7.10 (2H, d, J=8.3, Ar-Hmeta), 3.78 (1H, dd, 
J=5.3, J’=9.0, C(2)H), 2.95 (2H, m, C(5)H2-NH), 2.57 (2H, q, J=7.6, Ar-CH2CH3), 2.41 
(1H, s, -C(5)-NH), 2.14 (1H, m,-C(3)HH’-),  1.98 (1H, m,-C(3)HH’-), 1.71 (2H, m, -
CH2), 1.17 (3H, t, J=7.6, Ar-CH2CH3). 13C-NMR δC (CDCl3, 67MHz) = 173.3 (-C=O), 
139.9 (O=C-HN-CAr), 135.6 (CAr-Et), 128.3 (2C, CAr), 119.4 (2C, CAr,), 61.1 (HN-CH-
CONH-Ar), 47.4 (C(5)-NH-), 30.8 (Ar-CH2-Me), 28.4 (HN-CH-C(3)), 26.3 (-C(4)-
CH2-NH-), 15.8 (Ar-CH2-CH3). 
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Preparation of (S)-tert-butyl-2-((4-vinylphenyl)carbamoyl)pyrrolidine-1-carboxylate 
(236) 
 
DCC (1.07 g, 5.19 mmols, 1.13eq.) was added, under nitrogen, to N-Boc-(L)-proline 
(166) (1.05 g, 4.90 mmols, 1.07 eq.) dissolved in DCM (20.00 ml). The mixture was 
allowed to react for 15minutes at 0°C (ice bath), after which 4-aminostyrene (176)  
(0.55 g, 4.57 mmols, 1 eq.), dissolved in DCM (8.00 ml), was added drop wise to the 
DCM solution in ice bath with a syringe. TLC monitoring with Et2O showed that the 
reaction was complete after 5h. The DCU was then filtered over a syntherised glass 
filter and the solvent evaporated under reduced pressure to give a crude product (1.79 g) 
that was purified by column chromatography on silica using 30% Et2O in hex to give 
the title compound 236 as white solid (1.31 g, 91%). M.p.: 168-170˚C. 1H-NMR δH 
(CDCl3, 270MHz) = 9.53 (O=C-NH, s, 1H), 7.44 (2H, d, Ar-Hortho), 7.31 (2H, d, Ar-
Hmeta), 6.63 (1H, dd, J=17.3, J =10.9, Ar-CH=CHH’), 5.64 (1H, d, J =17.3, Ar-
CH=CHH’), 5.15 (1H, d, J
 
=10.9, Ar-CH=CHH’), 4.44 (1H, m, Boc-N-C(2)H-CONH-), 
3.42 (2H, m, C(5)H2-N-Boc,), 2.49 (2H, m,-C(4)H2-CH2-N-Boc), 1.90 (2H, m, CH2-), 
1.43 (9H, s, -CH3). 13C-NMR δC (CDCl3, 100MHz) = 170.2 (-C(O)-NH-Ar), 156.3 (-N-
C(O)-O-tBu), 138.1 (O=C-HN-CAr), 136.3 (CAr-CH=CH2) 133.2 (CAr-CH=CH2), 126.7 
(2C, CAr), 119.5 (2C, CAr), 112.5 (CAr-CH=CH2), 80.8 (Pro-C(O)O-C-Me3), 60.6 (-
N(Boc)-C(2)H-C(O)), 47.2 (-C(5)H2-N(Boc)), 28.4 (3C, Pro-C(O)O-C-(CH3)3), 27.7 (-
N(Boc)-CH(O)-C(3)H2-), 24.6 (-C(4)H2-CH2-N(Boc)-CH-). 
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Preparation of (S)-N-(4-vinylphenyl)-pyrrolidine-2-carboxamide (177) 
 
TFA (1.50 ml) was added at 0°C (ice bath) to (S)-N-Boc-(4-vinylphenylcarbamoyl)-
pyrrolidine-1-carboxylate (236) (0.21 g, 0.65 mmols)  dissolved in DCM (2.00 ml). 
TLC monitoring with 40% MeOH in DCM showed that the reaction was complete after 
45 minutes. Solid Na2CO3 was added to the DCM solution under stirring to neutralise 
the excess of TFA. The organic phase was extracted with water (4 × 30 ml), dried over 
Na2SO4, filtered and evaporated under reduced pressure to afford to a crude product 
(0.12 g). Purification by column chromatography on silica using 20% MeOH in Et2O as 
eluent led to the title compound as white solid (177) (0.03 g, 22%). M.p.: 80-82˚C.  IR: 
νmax (film)/cm-1 3346, 3234, 1669, 1515, 1402, 835. 1H-NMR δH (CDCl3, 270MHz) = 
9.75 (1H, s, O=C-NH), 7.55 (2H, d, J=8.2, Ar-Hortho), 7.35 (2H, d, J=8.2, Ar-Hmeta), 
6.65 (1H, dd, J
 
=17.7, J=10.7 Ar-CH=CHH’), 5.65 (1H, d, J
 
=17.7 Ar-CH=CHH’), 5.16 
(1H, d, J=10.7 Ar-CH=CHH’), 3.86 (1H, m, HN-C(2)H-CONH-Ar), 3.01 (2H, m, -
C(5)H2-NH), 2.43 (1H, s,CH2-NH), 2.19 (1H, m, -C(3)HH’-),  2.03 (1H, m, C(3)HH’-), 
1.74 (2H, m,-CH2). 13C-NMR δC (CDCl3, 67MHz) = 173.5 (-C(O)-NH-Ar), 137.5 
(O=C-HN-CAr), 136.5 (CAr-CH=CH2) 133.4 (CAr-CH=CH2), 127.0 (2C, CAr,), 119.4 
(2C, CAr), 112.8 (CAr-CH=CH2), 61.2 (-NH-C(2)H-C(O)-NH-Ar), 47.4 (-CH2-C(5)H2-
NH-CH-), 30.8 (-NH-CH-C(3)H2-), 26.4 (-C(4)H2-CH2-NH-). 
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Preparation of (2S,4R)-t-butyl-2-carbamoyl-4-hydroxypyrrolidine-1-carboxylate [164] 
(169) 
 
NH3aq. solution (10 ml, 35% vol/vol) was added to (2S,4R)-N-Boc-trans-4-OH-(L)-
proline-methyl-ester (168) (0.39 g, 1.58 mmols) to form a white suspension. The 
reaction mixture was left to react at RT overnight under vigorous stirring, after which 
TLC monitoring using ACN, developed with KMnO4, showed complete reaction. The 
water solution was evaporated under reduced pressure to give a white solid that was 
filtered over silica with ACN as eluent to remove residual water, leading to  the title 
compound 169 (0.36 g, 98%) .The product is highly hygroscopic. M.p.: 142-144˚C. 1H-
NMR δH (D2O, 270MHz) = 4.51 (1H, m, -C(4)H-OH), 4.34 (1H, dd, J=9.6 and 7.4, -
C(2)H-CONH2), 3.56 (2H, m, -C(5)H2-N-Boc,), 2.34 (1H, m, -C(3)HH’-CHOH), 2.06 
(1H, m, -C(3)HH’-CHOH), 1.42 (9H, s, CH3). 13C-NMR δC (D2O, 67MHz) =175.9 
(O=C-NH2), 174.8 (-N-C(O)-O-CMe3), 75.3 (-N-C(O)-O-CMe3), 51.9 (-C(4)H-OH,), 
48.6 (-C(2)H-C(O)-NH2), 36.8 (-C(5)H2-NH-), 27.1 (-C(3)H2-CH-CO), 7.9 (3C, -N-
C(O)-O-CMe3). 
 
Preparation of  
(2S,4R)-tert-butyl-2-carbamoyl-4-(propionyloxy)pyrrolidine-1-carboxylate (172) 
 
N-Boc-trans-4-OH-prolinamide (169) (0.20 g, 0.88 mmols), DMAP (0.02 g, 0.18 
mmols, 0.20 eq.) and TEA (0.19 ml, 1.36 mmols, 1.55 eq.) were dissolved in dry DCM 
(10 ml) and stirred. Propionyl chloride (171) (0.11 ml, 1.31 mmols, 1.49 eq.) was added 
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to the mixture drop wise at 0°C (ice bath). The reaction mixture was left stirring 
overnight, after which TLC monitoring with 10% MeOH in ACN showed complete 
reaction. The organic solvent was evaporated at reduced pressure and the remaining 
yellowish residue was purified by column chromatography on silica increasing 
gradually the polarity of the eluting system from 20% PetEt in EtOAc to 100% EtOAc, 
to give the title compound 172 as an off-white solid (0.21 g, 83%). 1H-NMR δH 
(CDCl3, 270MHz) =  6.24  (1H, s, -C(O)-NHH’), 6.07 (1H, s, -C(O)-NHH’),  5.21 (1H, 
m, O-C(4)H-CH2-N-Boc), 4.35 (1H, m, -C(2)H-C(O)-NH2), 3.68 (1H, m, -C(5)HH’-N-
Boc), 3.54 (1H, m, -C(5)HH’-N-Boc), 2.30 (2H, m, -CH2-CH-C(O)-NH2,), 2.24 (2H, q,  
J=7.6 CH2-CH3), 1.40 (9H, s, -CH3,), 1.07 (3H, t, J=7.6, -CH2-CH3). 13C-NMR δC 
(CDCl3, 67MHz) =  174.3 (O=C-NH2), 173.9 (-O-C(O)-CH2-CH3), 155.4 (-N-C(O)-O-
C(CH3)3), 81.0 (-N-C(O)-O-CMe3), 72.6 (-O-C(4)H-CH2-N-Boc), 58.2 (-C(2)H-C(O)-
NH2), 52.5 (-O-CH-C(5)H2-N-Boc), 34.4 (-C(3)H2-CH-C(O)), 28.3 (3C, -N-C(O)-O-
C(CH3)3), 27.6 (-C(O)-CH2-CH3), 9.0 (-C(O)-CH2-CH3). 
 
Synthesis of (2S,4R)-2-carbamoyl-4-(propionyloxy)pyrrolidinium 2,2,2-
trifluoroacetate  (173) 
 
N-Boc-trans-4-OH-prolinamide (169) (0.25 g, 1.07 mmols), DMAP (0.03 g, 0.22 
mmols, 0.21 eq.) and TEA (0.17 g, 1.72 mmols, 1.61 eq.) were dissolved in DCM      
(10 ml), dried over activated molecular sieves. Propionyl chloride (171) (0.15 g,       
1.64 mmols, 1.50 eq.) was added drop wise to the mixture at 0°C (ice bath). The 
resulting mixture was left stirring overnight, after which TLC monitoring with 10% 
MeOH in ACN showed that the reaction was complete. The mixture was concentrated 
to 5 ml and TFA (5 ml) was added to it. TLC monitoring with 20% MeOH in ACN after 
5h showed that the reaction was complete. After evaporating the solvent under reduced 
pressure, the crude product was purified by column chromatography on silica using 
10% MeOH in ACN as eluent to afford to the title compound (173) (0.32 g, 99%) as an 
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off-white solid. The presence of signals of a trifluoroacetate moiety in the 13C-NMR and 
a signal of 113 m/z in the Low Res-MS confirmed that the product was recovered as 
trifluoracetate salt. LC-MS (m/z): Calculated for M = C10H15F3N2O5 = 300.09, 187.1 
[M-CF3COO-], 113,0 (CF3COO-). 1H-NMR δH (CD3OD, 270MHz) = 5.29 (1H, m, O-
C(4)H-), 4.10 (1H, dd, J=9.2 and 7.8, -C(3)H-C(O)), 3.31 (1H, m, O-CH-C(5)HH’-
NH2+), 3.16 (1H, m, -C(5)HH’-NH2+), 2.36 (1H, m, -C(3)HH-CH), 2.33 (2H, q, J=7.7, -
CH2-CH3), 2.08 (1H, m, -C(3)HH’-CH-C(O)-NH2,), 1.08 (3H, t, J=7.7, CH2-CH3). 13C-
NMR δC (CD3OD, 67MHz) = 175.9 (O=C-NH2), 174.8 (-O-C(O)-Et), 75.3 (-O-C(4)H-
CH2-NH2+), 58.9 (-CH2-C(2)H-C(O)-NH2), 51.9 (-O-CH-C(5)H2-NH2+), 36.8 (-O-CH-
C(3)H2-CH-C(O)-NH2), 27.1 (-C(O)-CH2-CH3), 7.9 (-C(O)-CH2-CH3). TFA : δC = 161 
(CF3COO), 117 (CF3COO). 
 
Preparation of (S)-N-(phenylsulfonyl)-pyrrolidine-2-carboxamide (182 - ProBS) [167] 
 
DCC (1.20 g, 5.88 mmol, 1.22 eq.) was added to Fmoc-(L)-proline (167) (1.60 g,     
4.74 mmols) in anhydrous DCM (20 ml) at 0˚C (ice bath). The solution was left stirring 
for 1h, and then benzenesulfonamide (184) (1.10 g, 7.00 mmol, 1.47 eq.) and DMAP 
(0.12 g. 0.95 mmol, 0.20 eq.) were added to the mixture. The reaction mixture was left 
stirring for 48h and it was monitored by TLC with 20% EtOAc in DCM, When the 
reaction was complete, the DCU was filtered off and the resulting clear DCM solution 
was evaporated under reduced pressure to give a crude  product (2.25 g), which was 
purified by column chromatography using 40% EtOAc in PetEt to give the Fmoc-
proline-benzenesulfonamide as a white solid (1.90 g, 84%). 
Deprotection 
NH3 (70 ml, 30% in water) was added to Fmoc-proline-benzenesulfonamide (1.90 g, 
3.98 mmols, 0.84 eq.), followed by THF (8 ml) to homogenise the solution, and Et2O 
(20 ml). The mixture was left stirring vigorously overnight, after which TLC monitoring 
with 20% MeOH in DCM showed complete reaction. The THF was evaporated under 
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reduced pressure and the aqueous phase extracted with Et2O (4 × 100 ml) and one with 
EtOAc (100 ml) to remove impurities, verifying the content of the extraction by TLC. 
The aqueous phase was then freeze-dried for 24h and the solid residue obtained was 
purified by column chromatography on silica using 5% MeOH in DCM to give the title 
compound (182) as a white solid product (0.37 g, 37%). M.p.: 214-216˚C; [α]D = -20.0º    
(c = 1.00, DMSO). IR: νmax (film)/cm-1 3081, 1623, 1576, 1252, 1129, 1089, 830, 752, 
716, 690. 1H-NMR δH ((CD3)2SO, 400MHz) =  8.56 (2H, broad, s, S(O)2-N-H), 7.84 
(2H, dd, J=8.0 and 2.0, Ar-Hortho), 7.47 (3H, m, Ar-H), 3.88 (1H, dd, J=8.6 and 6.6, -N-
C(2)H-CONH-S), 3.22 (1H, m, -N-C(5)HH’-), 3.09 (1H, m,-N-C(5)HH’-), 2.18 (1H, m, 
-C(3)HH’-CHC(O)), 1.93-1.73 (1H+2H, m, -CH2-C(3)HH’-CHCON + -C(4)H2-CHH'-
CHCON). 13C-NMR δC ((CD3)2SO, 100MHz)  = 172 (-C(2)H-CONH-), 145 (CAr-SO2-
), 130 (CAr), 128 (2C, CAr,), 127 (2C, CAr), 62 (-NH-C(2)H-CONH-), 45 (CH2-C(5)H2-
NH-CH-), 29 (-CH2-NH-CH-C(3)H2-), 23 (-C(4)H2-CH2-NH-CH-). 
Spectral data are in agreement with those reported by Cobb et al. [167] 
 
Synthesis of 4-vinylbenzenesulfonamide (189) 
 
STEP 1: Preparation of 4-vinylbenzenesulfonyl chloride [168] (191) 
Sodium 4-vinylbenzenesulfonate (190) (3.00 g, 14.55 mmols) was added, portion wise 
(3 × 1 g) to SOCl2 (15 ml) at 0°C (ice bath) under nitrogen. The reaction mixture, 
homogenised by adding DMF (1 ml), was stirred overnight and left warming up to RT. 
The reaction was monitored by TLC with 40% PetEt in Et2O until complete conversion 
of the 4-vinylbenzenesulfonate (190) was occurred; the thionyl chloride solution was 
then poured into a 250 ml round bottom flask containing 125 ml of crushed ice and left 
to cool down to RT; the mixture was transferred into a separating funnel and extracted 
twice with ethyl ether (2 × 100 ml). The combined organic layers were dried over 
MgSO4, filtered on flute paper and the solvent concentrated under reduced pressure 
taking care of avoiding polymerisation, which spontaneously occurs when the sulfonyl 
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chloride (191) is too concentrated. The 4-vinylbenzenesulfonyl chloride (191) ether 
solution (20 ml) was used in the following synthetic step without further purification. A 
small aliquot was carefully concentrated below 40°C to allow characterisation of the 
product by NMR. 1H-NMR δH (CDCl3, 275MHz) =  7.98 (2H, d, J=8.6, Ar-Hortho), 7.61 
(2H,d, J=8.6, Ar-Hmeta), 6.77 (1H, dd, J =17.5 and 10.9, CH2=CH-), 5.95 (1H, d, J=17.5, 
CHH’=CH-), 5.53 (1H, d, J
 
=10.9 CHH’=CH-). 13C-NMR δC (CDCl3, 67MHz) = 144.5 
(-CAr-S(O)2-Cl), 143.0 (-CAr-CH=CH2), 134.9 (-CAr-CH=CH2), 127.5 (2C, CAr), 127.2 
(2C, CAr), 119.5 (-CAr-CH=CH2). 
 
STEP 2: Preparation of 4-vinylbenzenesulfonamide (189) 
4-Vinylbenzenesulfonyl chloride (191) (ether solution, 20 ml) was added, under 
vigorous stirring, to 30% aqueous ammonia (50 ml) portion wise (10 × 2 ml) at RT. The 
biphasic mixture was left vigorously stirring for 2h, after which TLC monitoring with 
ethyl ether showed complete reaction. The mixture was transferred into a separating 
funnel, the organic layer recovered and the residual water extracted with small portions 
of ethyl ether (4 × 50 ml), checking the fractions by TLC. The combined organic layers 
were dried over MgSO4, filtered on paper and the solvent evaporated under reduced 
pressure to afford to a white solid (189) (1.54 g, 58% over 2 steps). M.p.: 100-102˚C. 
IR νmax (nujol film)/cm-1 3340, 3256 cm-1; IR: νmax (film)/cm-1 3340, 3256, 1302, 1158, 
1099, 844. HR-MS (ESI), [M + NH4]+ found 201.0694.Calculated for C8H13O2N2S : 
201.0692. 1H-NMR δH (CDCl3, 275MHz) = 7.86 (2H, d, J=8.5, Ar-Hortho), 7.52 (2H, d, 
J=8.5, Ar-Hmeta), 6.74 (1H, dd,  J=17.9, 11.1, CH2=CH-), 5.87 (1H, d, J =17.9, 
CHH’=CH-), 5.42 (1H,d, J=11.1, CHH’=CH-), 4.81 (2H, s, S-NH2). 13C-NMR δC 
(CDCl3+CD3OD, 100MHz) = 145.5 (-CAr-S(O)2-NH2), 145.4 (-CAr-CH=CH2), 135 (-
CAr-CH=CH2), 130.5 (2C, CAr,), 130.4 (2C, CAr), 121.0 (-CAr-CH=CH2). 
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Preparation of (S)-Fmoc-4-vinylphenylsulfonyl)carbamoyl)pyrrolidine-1-carboxylate 
(192) 
 
DCC (0.97 g, 4.67 mmols, 1.23 eq.) was added to Fmoc-(L)-proline (167) (1.28 g, 3.81 
mmols) in DCM (20 ml) at 0°C (ice bath). The solution was left stirring for 1h, then 4-
vinylbenzenesulfonamide (189) (0.70 g, 3.82 mmols, 1 eq.) and DMAP (0.1 g, 0.81 
mmols, 0.21 eq.) were added at 0°C (ice bath). The reaction mixture was left stirring for 
48h after which TLC monitoring with 20% EtOAc in DCM showed complete reaction. 
The DCU was filtered off and the resulting clear solution was evaporated under reduced 
pressure to give a crude mixture, which was purified by column chromatography on 
silica using 40% EtOAc in PetEt as eluent system to afford to the title compound (192) 
as a white solid (0.96 g, 50%). M.p. 122-124˚C. IR: νmax (film)/cm-1 3099, 1670, 1434, 
1346, 1174, 1134, 1085, 736, 652. HR-MS (ESI) [M+NH4]+ found 520.1894. 
Calculated for C28H30O5N3S 520.1901. 1H-NMR δH (CDCl3, 400MHz) = 10.41 (1H s, 
S-N-H), 8.02 (2H, d, J=7.8, Ar-H), 7.80 (2H, d, J=7.4, Ar-Hortho), 7.60 (2H, m, Ar-H), 
7.52 (2H, d, J=7.4, Ar-Hmeta), 7.45 (2H, m, Ar-H), 7.36 (2H, m, Ar-H), 6.70 (1H, dd, 
J=11.0, 17.4, CH2=CH-Ar), 5.84 (1H, d, J=17.4, CHH’=CH-Ar), 5.41 (1H, d, J=11.0, 
Ar-CHH’=CH-Ar), 4.56 (1H, m, -N-C(2)H-CONH-S-), 4.47 (1H, m, -C-CH-CH2), 4.28 
(2H, m, -C-CH-CH2), 3.41 (2H, m,  -N-C(5)HH’-CH2,), 2.44 (1H, d, J=11, -CH2-
C(3)HH’-CHCO), 1.91 (1H+2H, m, -CH2-CHH’-CHCON + -CH2-CHH-CHCON). 13C-
NMR δC (CDCl3, 100MHz) = 168.9 (-N(Fmoc)-CH-CO-NH-), 157.3 (Fmoc, C=O), 
143.6 (2C, Fmoc), 142.9 (2C, Fmoc), 141.3 (CAr-CH=CH2), 137.4 (CAr-S(O)2-NH-), 
135.3 (Ar-CH=CH2), 128.7 (2C, CAr),  127.9 (2C, CAr), 127.2 (2C, Fmoc), 126.5 (2C, 
Fmoc), 125.0 (2C, Fmoc), 120.1 (2C, Fmoc), 117.9 (Ar-CH=CH2), 68.4 (-N(Fmoc)-
CH-CONH-), 60.8 (Fmoc, -CH-CH2-O-C(O)-), 47.2 (-CH2-CH2-N(Fmoc)-CH-), 47.1 
(Fmoc, -CH-), 33.8 (-CH2-N(Fmoc)-CH-CH2-CH2-), 26.6 (-CH2-CH2-CH2-N(Fmoc)-
CH-). 
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Preparation of (S)-N-(4-vinylphenylsulfonyl)pyrrolidine-2-carboxamide (183) 
 
30% Aqueous ammonia solution (30 ml) was added to (S)-Fmoc-4-
vinylphenylsulfonyl)carbamoyl)pyrrolidine-1-carboxylate (192) (0.70 g, 1.39 mmols). 
THF (8 ml) was then added to homogenise the solution, which was left stirring 
overnight, after which the THF was evaporated under reduced pressure and the aqueous 
phase extracted with Et2O (4 × 50 ml) to remove impurities. During the extraction the 
purity of the aqueous phase was monitored by TLC with 10% MeOH in DCM to ensure 
complete removal of the impurities. The water phase was then freeze-dried for 24h and 
the resulting off white solid purified by column chromatography on silica using 5% 
MeOH in DCM to afford to the title compound (183) as a white solid (0.27 g, 70%). 
M.p. = 204-206˚C; [α]D = -19.3 (c = 1.0, DMSO).  IR: νmax (film)/cm-1 3072, 1625, 
1586, 1264, 1135, 1089, 836, 655. HR-MS (ESI) [M+H]+ found 281.0953. Calculated 
for C13H17O3N2S 281.0954. 1H-NMR δH (CDCl3+CD3OD, 275MHz) =  7.81 (2H, d, 
J=8.4 Ar-Hortho), 7.39 (2H, d, J=8.4, Ar-Hmeta), 6.67 (1H, dd, J=18.1, 10.9, CH2=CH-
Ar,), 5.76 (1H, d, J=18.1, CHH’=CH-Ar), 5.30 (1H, d, J=10.9, CHH’=CH-Ar), 4.00 
(1H, m, -N-CH-CONH-S), 3.28 (2H, m, -N-CHH-CH2), 2.23 (1H, m, -CH2-CHH’-
CHCO), 1.89 (1H+2H, m,-CH2-CHH’-CHCON + -CH2-CHH’-CHCON). 13C-NMR δC 
(CDCl3+CD3OD, 67MHz) = 173 (-NH-CH-CONH-), 142 (CAr-SO2-), 141 (CAr-
CH=CH2), 136 (Ar-CH=CH2), 127 (2C, CAr), 126 (2C, CAr), 116 (Ar-CH=CH2), 62 (-
NH-CH-CONH-), 46 (CH2-CH2-NH-CH-), 29 (-CH2-NH-CH-CH2), 24 (-CH2-CH2-NH-
CH-). 
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3.3.2 UV-VIS MONITORING OF THE ENAMINONE FORMATION  
Spectroscopic study of the reaction between L-proline and 2,4-pentadione 
 
 The reaction between proline (114) or prolinamide (200) and 2,4-pentadione (160) 
was investigated in a variety of solvents, temperatures and molar ratios to determine the 
stability of the corresponding enaminone. The experimental procedure relative to 
proline in DMF at room temperature is reported here as an example. 
The UV-Vis spectrophotometer was zeroed using 2 cuvettes containing DMF (1000 
µl). In a third cuvette, proline (864 µl, 250 nmol, 0.290 mM in DMF) and 2,4-
pentadione (50 µl, 250 nmol, 1 eq, 5mM in DMF) were added to DMF (86 µl) in order 
to keep a total volume of 1000µl. A scan was taken at t = 0 min and the 
spectrophotometer was programmed to do a scan every hour between 250 and 400 nm 
for a period of 62h. 
 
Spectroscopic study of the reaction between L-proline and the template (197)  
 
A 5.11mM stock solution was prepared dissolving the diketone template (197) (2.12 
mg, 0.01 mmols) in DMF (2 ml). 1.3-diketone (197) (10 µl, 51.10 nmol, 5.11mM) and 
proline (114) (154 µl, 51.20 nmol, 1eq, 333 µM in DMF) were added to 836 µl of DMF 
in order to keep a final volume of 1000µl. The reaction was monitored using a UV-Vis 
spectrophotometer to run a number of scans between 250-400 nm using different 
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solvents to determine the wavelength of maximum absorbance. The scans were 
performed keeping a constant concentration of reagents in the cuvette equal to 51.16 
µM. The absorbance was monitored in continuous doing a scan every hour. 
 
Preparation of enaminone (201) derived from prolinamide (200) 
 
I): The diketone template (197) (10.3 mg, 0.05 mmols, 1eq.) and prolinamide (200) 
(6.12 mg, 0.05 mmols, 1 eq.) were dissolved in 1ml of d3-ACN and transferred in a 
NMR tube.  The reaction was monitored by 1H-NMR (275MHz) at t = 0min, 5h, 44h, 
54h, 76h and 13 days. During this time no visible changes in the structure of the 
spectrum were recorded. A UV-Vis scan of a 1/10 diluted solution showed two peaks of 
absorbance at 255 and 328nm. The reaction solution left for a few days in the NMR 
tube, sealed with parafilm, led to formation of crystals, which were recovered by 
washing out the residual diketone (197) with neat ACN (2 × 5 ml), and by removing 
that from the vial with a glass pipette. The crystals (201) were characterised by 1H-
NMR in CDCl3. 
II) [Large scale]: ACN (5 ml), dried over activated molecular sieves, was added to 
diketone template (197) (101.88 mg, 0.49 mmols) and prolinamide (200) (55.36 mg, 
0.49 mmols, 1 eq.) in a conical bottom flask, which was closed and sealed with 
parafilm. TLC monitoring with ACN soon after starting the reaction showed appearance 
of a product, indicating that the reaction started immediately after the addition of the 
solvent. After 21h crystals started to be visible at the bottom of the flask and after 6 
days the crystals formed were washed twice with ACN and twice with CHCl3, then 
recovered from the solvent and dried under vacuum. A small amount of crystals was 
sampled, dissolved in DCM/MeOH and, following addition of few drops of HCl 10% 
v/v, the solution turned the colour almost immediately from pale yellow to colourless. A 
TLC of that solution with EtOAc showed that the disappearance of the spot of the 
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product (201) was followed by reappearance of the diketone (197), indicating that the 
product could be easily hydrolysed by addition of a HCl solution. A TLC with ACN 
was done to compare the solid product obtained from the two reactions, which resulted 
in the same product (see next for NMR). 
 
Preparation of NO2-enaminone (197) from prolinamide (200) at 60°C 
 
ACN (15 ml), dried over activated molecular sieves under nitrogen, was added to 
diketone template (197) (102.70 mg, 0.50 mmols) and prolinamide (200) (57.09 mg, 
0.50 mmols, 1 eq.) in a round bottom flask with two necks, equipped with a condenser. 
The reaction mixture was left to react overnight under stirring at 60°C (oil bath) and 
then refluxed at 80°C. After 5h at reflux the reaction solution was concentrated by 
evaporating the ACN under reduced pressure until the formation of a solid was 
observed. The yellow solid product was washed twice with dry ACN, dried at the 
vacuum pump and characterised by 1H-NMR, 13C-NMR and COSY-NMR in d6-DMSO. 
The product is a mixture of the two geometric isomers (Z-201) and (E-201). Further 
studies are required to assign all the peaks. Low Res-MS: (m/z) [M-H]+ found 304.3. 
Calculated for C15H17N3O4  303.3.  IR: νmax (film)/cm-1 3370, 3198, 1671, 1527, 1340, 
1219, 842, 749, 710, 655. 1H-NMR δH (d6-DMSO, 400MHz) (mixture of E and Z 
isomers) =  8.25 (2H+2H, d, Ar-H), 8.04 (2H, d, Ar-H), 7.92 (2H, d, Ar-H), 7.62 (2H, d, 
-CONH2), 7.23 (1H+1H, s, -CO-CH=C-N), 5.69 (1H, s, -CONHH’), 5.48 (1H, s, -
CONHH’), 4.48 (1H, d, -N-CH-CONH2), 4.24 (1H, d, -N-CH-CONH2), 3.75 (1H, m, -
N-CHH-CH2), 3.48 (2H, m, -N-CHH-CH2), 3.42 (1H, m, -N-CHH-CH2), 2.62 (3H, s, -
CH3), 2.50 (3H, s, -CH3), 2.20 (2H, m, -CH2-CHH-CHCONH2-N), 1.98 (2H+4H, m, -
CH2-CHH-CHCONH2-N + -CH2-CHH-CHCONH2). 13C-NMR δC (d6-DMSO, 
100MHz) (mixture of E and Z isomers) = 183.2/182.9 (Ar-C=O), 173.2/172.8 (H2N-
C=O), 162.7/162.4 (-C=C-N), 148.2 (O2N-CAr), 148.1/148 (-CAr-C=O), 128/127.8 (2C, 
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Ar), 123.3 (2C, Ar), 92.3/92.2 (O=C-CH=C-N-CH2), 62.2/61.6 (-N-CH-COONH2), 
49.3/48.9 (-CH2-CH2-N-CH-COONH2), 30.7/30.5 (-N-CH-CH2-CH2-), 23.0/22.7 (-N-
CH-CH2-CH2-), 17.3/17.2 (-CH3). 
 
Preparation of (S,Z)-N-(methylsulfonyl)-1-(4-(4-nitrophenyl)-4-oxobut-2-en-2-
yl)pyrrolidine-2-carboxamide (202) from (S)-N-(methylsulfonyl)pyrrolidine-2-
carboxamide (180) and 4-hydroxy-4-(4-nitrophenyl)but-3-en-2-one (197) 
 
ACN (20 ml) was added to (S)-N-(methylsulfonyl)pyrrolidine-2-carboxamide (180) (25 
mg, 0.13 mmols) and diketone template (197) (27.18 mg, 0.13mmols, 1 eq.), under 
nitrogen, into a round bottom flask equipped with a condenser. DMF (2 ml) was then 
added to homogenise the solution and the reaction was refluxed overnight at 90°C (oil 
bath), after which the ACN was evaporated under reduced pressure and the residual 
DMF completely removed using a high vacuum pump. The recovered solid was purified 
by column chromatography on silica using 10% MeOH in ACN as eluent system and 
characterised by 1H-NMR, COSY-NMR and 13C-NMR in d6-DMSO. NMR data 
showed that the title compound (202) was present as a mixture of E and Z geometric 
isomers. 1H-NMR δH (d6-DMSO, 400MHz) = 8.17 (4H, m, Ar-H), 8.0 (4H, m, Ar-H), 
5.72 (1H, s,-C=O-CH=C-N-), 5.61 (1H, s, -C=O-CH’=C-N-), 4.35 (1H, m, -N-CH-
CONH-S=O), 4.11 (1H, m, -N-CH-CONH-S=O), 3.51 (4H, m), 2.79 (3H, s, CH=C-
CH3), 2.73 (3H, s, -O=S-CH3), 2.62 (3H, s, -O=S-CH3), 2.54 (3H, s, -CH=C-CH3), 2.20 
(8H, m, -CH2-). 13C-NMR δC (d6-DMSO, 100MHz) (mixture of E and Z isomers) = 
183.1 (Ar-C=O), 178.9 (O=C-NH-S=O), 163.4 (-CH=C-N-), 148.3 (O2N-C-Ar), 
127.9/127.7 (2C, Ar), 122.9 (4C, Ar), 92.4/91.4 (O=C-CH=C-N), 65.7/64.9 (-N-CH-
CONH), 49.4/49.0 (-N-CH2-CH2-), 39.3/38.9 (O=S-CH3), 30.6/30.4 (-CH2-CH2-CH-), 
23.1/22.5 (-CH2-CH2-CH2-), 17.11/16.8 (-CH=C-CH3). 
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3.3.3 SYNTHESIS OF TEMPLATE-MONOMER COMPLEX 
Synthesis of 1-(4-(4-nitrophenyl)-4-oxobut-2-en-2-yl)-N-(4-inylphenylsulfonyl)-
pyrrolidine-2-carboxamide (198) 
 
DMF (4 ml) was added to (S)-N-(4-vinylphenylsulfonyl)pyrrolidine-2-carboxamide 
(183) (0.14 g, 0.51 mmols, 1eq.) and 4-hydroxy-4-(4-nitrophenyl)but-3-en-2-one (197) 
(0.11 g, 0.51mmols, 1eq.) under nitrogen. Activated molecular sieves were added to the 
mixture, which was kept under stirring for 64h at 40˚C (oil bath), after which TLC 
monitoring with 20% MeOH in DCM showed complete reaction. The reaction mixture 
was purified by column chromatography on silica using 5% MeOH in DCM as eluent 
system, without any previous work-up because of the high tendency to hydrolyse 
showed by the title compound, the template-monomer complex (198), which was 
recovered  as an orange solid (0.17 g, 71%). The characterisation here below confirmed 
the presence of the two geometric isomers, E and Z, in almost equimolar ratio (55/45). 
For most of the 13C-NMR signals two values are reported as a result of the presence of 
the two geometric isomers. M.p: 106-108˚C. HR-MS (ESI): [M+H]+ found 470.1378. 
Calculated for C23H24O6N3S 470.1380. IR: νmax (film)/cm-1 3416, 3084, 2980, 1586, 
1517, 1340, 1251, 1133, 1084, 843, 658. 
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1H-NMR and COSY-NMR δH (400MHz, (CD3)2SO) =  (mixture of E and Z isomers) p-
nitro-Ar:  8.22 (2H, d,  J = 8.0, Ar-H), 8.01 (2H, d, J = 8.0, Ar-H); p-nitro-Ar: 8.14 (d, 
2H, J =8.0, Ar-H), 7.83 (2H, d, J = 8.0, Ar-H); benzenesulfonamide-Ar: 7.72 (2H, d, J = 
8.0, Ar-H),7.53 (2H, d, J = 8.0, Ar-H); benzenesulfonamide-Ar: 7.67 (2H, d, J = 8.00 
Ar-H), 7.28 (Ar-H, d, 2H, J = 8.0 Hz); styrene double bond: 6.78 (1H, dd, J= 12.0 and 
16.0, CH2=CH-), 5.93 (1H, d, J=16.0, CHH’=CH-), 5.36 (1H, d, J =12.0, CHH’=CH-); 
styrene double bond: 6.61 (1H, dd, J=12.0 and 16.0, CH2=CH-), 5.77 (1H, d, J= 16.00, 
CHH’=CH-), 5.28 (1H, d, J=12.0, CHH’=CH-); enaminic proton for major isomer: 5.58 
(1H, s, -C(O)-CH=C-N-); enaminic proton for minor isomer: 5.43 (1H, s, -C(O)-CH=C-
N-); 4.32 (1H, m, -N-CH-CONH-S=O), 4.11 (1H, m, -N-CH-CONH-S=O), 3.48 (4H, 
m, -CH2-CH2-), 2.56 (3H, s, -CH=C-CH3), 2.30 (3H, s, -CH=C-CH3), 2.01 (8H, m, -
CH2-CH2-). 13C-NMR: δC (100MHz, (CD3)2SO) (mixture of E and Z isomers) = 
(182.8/183.5) (Ar-C(O)-), (171.4/171.2) (O=C-NH-S=O), (162.6/162.2) (-CH=C-N-),  
(148.5/148.3/148.0) (O2N-C-Ar),  144.5 (-CAr-C(O)-), 143.7(-CAr-C(O)-), (139.4/139.2) 
(-CAr-CH=CH2), (135.8/135.6) (Ar-CH=CH2), (128.1, 128.0, 127.0, 125.6, 125.5, 123.3, 
123.1) (Ar), (116.2/116.1) (Ar-CH=CH2), (92.5/91.8) (O=C-CH=C-N), (64.6/64.2) (-N-
CH-CONH), (49.4/49.0) (-N-CH2-CH2-), (30.5/30.3) (-CH2-CH2-CH-), (22.6/22.5) (-
CH2-CH2-CH2-), (17.4/17.3) (-CH=C-CH3). 
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3.3.4 NMR PREDICTION: 
 
The 13C-NMR spectra were predicted by DFT-GIAO (Density Functional Theory – 
Gauge Including/invariant Atomic Orbitals) quantum chemical calculations carried out 
with the parallel version of Gaussian 03.[a] The geometries of the enaminone, template-
monomer complex, were optimized first using the BLYP method[174, 175] in combination 
with the 6-311G(d,p) basis set. The 13C absolute shielding constants were computed 
using the continuous set of gauge transformations method[176] using the 6-311G(2d,p) 
basis set. The calculated magnetic shielding were converted into the chemical shifts by 
noting that at the same level of theory the absolute shielding in tetramethysilane is 
175.44. 
 
REFERENCES: 
 
[a]  Gaussian 03, Revision C.02, M. J. Frisch, G. W. Trucks, H. B. Schlegel, G. E. 
Scuseria, M. A. Robb,J. R. Cheeseman, J. A. Montgomery, Jr., T. Vreven, K. N. Kudin, 
J. C. Burant, J. M. Millam, S. S.Iyengar, J. Tomasi, V. Barone, B. Mennucci, M. Cossi, 
G. Scalmani, N. Rega, G. A. Petersson, H. Nakatsuji, M. Hada, M. Ehara, K. Toyota, R. 
Fukuda, J. Hasegawa, M. Ishida, T. Nakajima, Y. Honda, O. Kitao, H. Nakai, M. Klene, 
X. Li, J. E. Knox, H. P. Hratchian, J. B. Cross, V. Bakken, C. Adamo, J. Jaramillo, R. 
Gomperts, R. E. Stratmann, O. Yazyev, A. J. Austin, R. Cammi, C. Pomelli, J. W. 
Ochterski, P. Y. Ayala, K. Morokuma, G. A. Voth, P. Salvador, J. J. Dannenberg, V. G. 
Zakrzewski, S. Dapprich, A. D. Daniels, M. C. Strain, O. Farkas, D. K. Malick, A. D. 
Rabuck, K. Raghavachari, J. B. Foresman, J. V. Ortiz, Q. Cui, A. G. Baboul, S. 
Clifford, J. Cioslowski, B. B. Stefanov, G. Liu, A. Liashenko, P. Piskorz, I. Komaromi, 
R. L. Martin, D. J. Fox, T. Keith, M. A. Al-Laham, C. Y. Peng, A. Nanayakkara, M. 
Challacombe, P. M. W. Gill, B. Johnson, W. Chen, M. W. Wong, C. Gonzalez, and J. 
A. Pople, Gaussian, Inc., Wallingford CT, 2004. 
 
Prof. F. Berti, Chemistry Department, Trieste University, is kindly acknowledged for 
carrying out these calculations. 
Chapter III: Materials and Methods – Nanogels Synthesis 
 
 
238 
3.4 NANOGELS SYNTHESIS 
3.4.0 GENERAL PROCEDURE FOR THE PREPARATIONS OF NANOGELS 
WITH CM 0.5, 80% CROSS-LINKER AND RATIO FUNCTIONAL 
MONOMER/ACRYLAMIDE:1/1 
A general nanogels preparation is carried out following a procedure involving three 
steps: 
i) Formation of the imprinting complex: 
ii) High dilution polymerisation: 
iii) Recovery of the nanogels. 
The last two steps were carried out following a protocol[26, 27, 158] optimised in this 
research group by Miss Ania Servant. 
Apparatus and Calculations: three 125ml Wheaton glass serum bottles (MIP, NIP and 
CP) are used to carry out the template-monomer complex formation and subsequent 
polymerisation. Each polymer preparation imprinted with the template is complemented 
by the corresponding non imprinted polymer and a control polymer that does not 
contain functional monomer. The calculations are done as a function of the ratio 
imprinting complex (198)/acrylamide (107) chosen, the critical monomer concentration 
(CM) and percentage of cross-linker, calculated as a molar ratio: 
W MONOMER = W FunctionalMonomer + WCo−Monomer + W X −Linkr ; W SOLUTION = W MONOMER + W SOLVENT ; 
  
100
SOLUTION
MONOMER
M W
WC = . 
 STEP 1: Formation of the imprinting complex 
MIP bottle: Template (63.2 mg, 0.31 mmols, 1eq.) and functional monomer (85.5 mg, 
0.31 mmols, 1eq.) are added to the clean and dry bottle. 
NIP bottle: Functional monomer (85.5 mg, 0.31 mmols, 1eq.) is added to the clean and 
dry bottle. 
CP bottle: The clean and dry bottle is left empty. 
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Anhydrous DMF (4ml, d = 0.944g/ml), molecular sieves (activated in microwave by 
heating them at 800W, 3times x 3minutes each time and cooled under nitrogen) and a 
small stirring bar are added to the 3 bottles, which then are sealed and flushed under 
nitrogen for at least 5 minutes each. The bottles are heated in an oil bath at 40°C to 
allow formation of the template-monomer complex (198). After 48h the bottles are 
removed from the bath and allowed to cool down to RT. 
 
STEP 2: Polymerisation for three bottles 
A polymerisable solution is made by adding acrylamide (107) (67 mg, 0.94 mmols), 
N,N’-ethylene-bis-acrylamide (108) (1272 mg, 7.56 mmols), and AIBN (106) (25.85 
mg, 0.16 mmols) to anhydrous DMF (310 ml) under nitrogen. 100 ml of this solution 
are added, under nitrogen, to the MIP and NIP bottles of the preparation in order to have 
a total volume of 104 ml. For the control polymer, 100 ml of polymerisable solution are 
added to a vial containing acrylamide (25.6 mg, 0.36mmols) and ethylene-bis-
acrylamide (36.9 mg, 0.22mmols), under nitrogen. The resulting solution is then added 
to the Wheaton bottle of the control polymer containing the molecular sieves. After 
homogenising the mixtures, the bottles are placed into the oven at 70°C.  
STEP 3: Recovery of the polymers 
After for 4 days the bottles, containing the nanogel solutions, are removed from the 
oven and allowed to cool down at RT. The solutions are transferred in clean vials using 
a pipette Pasteur, avoiding taking all the solid residues; 15ml of distilled water are then 
added to each vial and the resulting solutions are sonicated in a ultrasound water bath 
for 15 min. The sonicated solutions are then cooled down to RT and transferred into 
dialysis membranes, having a 3500 Daltons cut-off, to be dialysed against distilled 
water in 2.5l bottles, changing the water at least once a day. After 4days, or whenever 
the discoloration of the MIP solution is achieved (from dark brown to pale yellow), the 
resulting aqueous nanogels solutions are transferred from the dialysis tubes in 250ml 
round bottom flasks (no more than 125ml solution for each flask), frozen with liquid 
nitrogen and freeze-dried for about 48h to give fluffy solid polymers. 
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REAGENTS TEMPLATE FUNCTIONAL MONOMER ACRYLAMIDE 
BIS-
ACRYLAMIDE AIBN DMF 
 MIP 
MW (g/mol) 207.18 280.34 71.08 168.19 164.21 73.80 
Weight 
(mg) 63.2 85.5 21.7 410.4 8.3 
98176 
(104ml) 
mmols 0.31 0.31 0.31 2.44 0.05  
equivalents 1 1 1 8 0.16  
 NIP  
MW (g/mol) 207.18 280.34 71.08 168.19 164.21 73.80 
Weight 
(mg)  85.5 21.7 410.4 8.3 
98176 
(104ml) 
mmols  0.31 0.31 2.44 0.05  
equivalents  1 1 8 0.16  
 CP 
MW (g/mol) 207.18 280.34 71.08 168.19  164.21 73.80 
Weight 
(mg)   47.3 447.3 8.3 
98176 
(104ml) 
mmols 
  0.67 2.66 0.05  
equivalents 
  2 8 0.16  
Table 14: The table shows the quantities needed to prepare nanogels with CM 0.5, 80% cross-linker and 
ratio of functional monomer/acrylamide: 1/1. 
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 The isolated nanogels are analysed and their solubility assessed. The yields of the 
polymers, as mass %, are calculated taking into account the total mass of monomers 
allowed to react and the mass of the polymer recovered after freeze-drying: 
100(%)
∑
=
MONOMER
POLYMER
TIONPOLYMERISA Mass
MassYield . 
 The nanogels were prepared using a ratio of catalytic functional 
monomer/acrylamide either 1/1 (MIP-AS122, NIP-AS123, MIP-AS132, NIP-AS133, 
CP-AS134, MIP-AS147, MIP-AS157, NIP-AS158, CP-AS159, MIP-DCP1, NIP-DCP2, 
CP-DCP3, MIP-DCP4, NIP-DCP5, CP-DCP6 and CP-DCP7) or 1/5 (MIP-AS141, NIP-
AS142, CP-AS143).  
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3.5  DETERMINATION OF THE NANOGELS ACTIVE SITES  
3.5.0 DETERMINATION OF NANOGELS ACTIVE SITES BY TEMPLATE 
REBINDING 
Diketone (197) (30 µl, 6.86•10-3M in DMSO, 2.06•10-7mols, 1.1 eq.) was added to a 
polymer solution (0.25 mg in 745 µl of 20% DMSO in DMF). Activated molecular 
sieves were added to the resulting mixture that was flushed with nitrogen, sealed and 
stirred in an oil bath at 40˚C for 48h, after which 600µl were recovered and transferred 
in a different vial. 100µl of this solution were added to 5µl of internal standard (207) 
and 25µl of the resulting mixture were analysed by RP-HPLC using the same protocol 
developed for the analysis of the aldol reaction (see section 3.5.1). As a reference, a 
background reaction was set up in the same condition substituting the volume of 
template with DMSO. The concentration of diketone not rebounded was determined by 
mean of a calibration curve. The difference between the initial and final value of mols 
of diketone gave the number of mols of diketone rebounded and therefore the number of 
active sites. 
 
3.5.1 RP-HPLC ELUTION METHOD FOR TITRATION USING 4-
NITROPHENYL ACETATE 
The UV-Vis detectors were set up at 319nm, according to the maximum of absorbance 
of the 4-nitrophenol (2) in ACN/water and at 283nm. Standard elutions were performed 
with a binary gradient of water (with 0.1% TFA)/ACN and a total flow rate of 1ml/min 
over 20min, starting with isocratic 33% ACN for 1min, then gradient from 1 to 10 min 
increasing ACN up to 85%, followed by isocratic elution from 10 to 11 min and reverse 
gradient decreasing ACN back to 33% within 14 min. Isocratic elution was kept at 33% 
from 14 to 20 min to wash the and equilibrate the column for the next injection. The 
methyl 4-nitro-benzoate (207) was used as internal standard. 
Retention times for active sites titration: tR (DMSO) = 3.9 min, tR (4-nitrophenol) = 
8.28 min, tR (4-nitrophenyl acetate) = 10.53 min, tR (ISTD) = 11.23 min. 
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3.5.2 DETERMINATION OF POLYMERS ACTIVE SITES USING 4-
NITROPHENYL ACETATE 
3.5.2.1 PROLINE TITRATION WITH 4-NITROPHENYL ACETATE (I) 
 The work illustrated in this section is the product of a collaborative work with Miss 
Ania Servant. 
Solutions of polymer (4.5mg/ml) were prepared in 20% DMSO in DMF dissolving 
MIP-AS147, NIP-AS133 and CP-AS134 (18.3 mg) in anhydrous DMF (2.8 ml) and 
anhydrous DMSO (0.8ml) in three different vials. Recrystallised 4-nitrophenhyl acetate 
(23) (400 µl, 26.46mM in DMF) was added, at t = 0 min, to the polymer solutions in 
order to have a final concentration of 2.65mM. As a reference, a 2.65mM solution of 4-
nitrophenhyl acetate and a 2.65mM solution of 4-nitrophenyl acetate in the presence of 
1 equivalent of ProBS (182) were also monitored. All the solutions were heated up to 
55˚C for 5days and UV/Vis scans of the solutions were taken at t = 0 min, by diluting 
25µl of reaction mixture with 975µl of DMF. The product formation was determined by 
reverse phase HPLC (HP Agilent 1100 equipped with a RP column Hi-Chrom C18) 
using a gradient of ACN/water (0.1%TFA). 200µL of each solution were added to 10µL 
of internal standard and 25µL of this new solution were injected into the HPLC. The 
concentrations of 4-nitrophenol (2) were determined by using a calibration curve (see 
section 3.6.1). 
 
3.5.2.2   PROLINE TITRATION WITH 4-NITROPHENYL ACETATE (II) 
A sample of 4-nitrophenyl acetate (23) was freshly recrystallised from hot ethanol 
and a stock solution 25mM was made in anhydrous DMSO. The purity of the stock 
solution was verified injecting samples in the HPLC reversed phase, and it resulted in a 
purity of 99.91%. 
4-Nitrophenyl acetate (1.75µmol, 1.5eq.) was added to a vial containing proline (1.16 
µmol) dissolved in anhydrous DMSO (200 µl) and anhydrous DMF (800 µl) in order to 
have a final proline concentration of 1.16 mM. In another vial 4-nitrophenyl acetate 
(1.75 µmol) was dissolved in anhydrous DMSO (200 µl) and anhydrous DMF (800 µl) 
in order to evaluate the background hydrolysis. The two vials were sealed under 
nitrogen, stirred and kept in an oil bath at 55˚C. After 5 days the solution were cooled 
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down to RT to be analysed by reversed phase HPLC. 100µl of each sample were added 
to 5µl of ISTD and 25µl of the resulting solutions injected in the HPLC. The 
concentrations of 4-nitrophenol due to the amminolysis induced by proline were 
estimated by mean of a calibration curve and the value of the active sites was calculated 
by subtracting the concentration of 4-nitrophenol in the background sample from the 
one determined for the proline sample. 
 
3.5.2.3 NANOGELS TITRATION WITH 4-NITROPHENYL ACETATE 
A freshly made stock solution of recrystallised 4-nitro-phenyl-acetate 25mM in 
anhydrous DMF was made before starting the titration. 
4-Nitrophenyl acetate (23) (1.00µmol) was added to each of 3 vials containing 
respectively nothing (background reaction), proline (0.58 µmol), MIP (1 mg), all 
dissolved in DMSO (330 µl) and DMF (660 µl) (both anhydrous). The vials were sealed 
under nitrogen, stirred and kept in an oil bath at 55˚C. After 5 days the solution were 
cooled down to RT to be analysed by reversed phase HPLC. 100µl of each sample were 
added to 5µl of ISTD and 25µl of the resulting solutions injected in the HPLC. The 
concentrations of 4-nitrophenol were estimated by mean of a calibration curve and the 
value of the active sites for each sample was calculated by subtracting the concentration 
of 4-nitrophenol present in the background from the one of the corresponding sample. 
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3.6 KINETIC EXPERIMENTS 
3.6.0 EVALUATION OF THE CATALYTIC ACTIVITY OF THE CATALYST 
BY  1H-NMR 
 
 The activity of several organocatalysts [proline (114), prolinamide (200), proline-4-
ethyl-anilide (177), proline-methansulfonamide (180) and ProBS (182)] was studied by 
1H-NMR in deuterated DMSO, with and without addition of acetic acid as co-catalyst, 
and using deuterated acetone as a reagent. Spectra were acquired at regular intervals in 
order to have a clear vision of the progress of the reaction. The study analysed the 
disappearance of the signal of the aldehyde proton at δH 10.18ppm and the concomitant 
increase of intensity of the signal associated with the same proton in the aldol product at 
5.15ppm. The percentage of the aldol was calculated by dividing the integral of the 
aldol proton by the sum of the integrals of the aldehyde proton plus the aldol proton 
considered as 100%. 
O,-P,Q%R = STUSTUFSTU
V1U
; 
 Deuterated acetone (10 eq.) was used to prevent the suppression of the other signals 
due to the high amount present in the reaction mixure. The catalysts were used in 20% 
loading with the concentration of 4-nitrobenzaldehyde kept constant at 2mM. The 
experimental procedure using 20% of proline-benzene-sulfonamide (182) is reported as 
experimental example. 
ProBS (182) (11.7 mg, 44 µmol, 0.2 eq.) was  added to deuterated acetone (2 ml, 128.1 
mg, 2.20 mmol, 10 eq.) in a vial. In a second vial, deuterated DMSO (1 ml) was added 
to 4-nitrobenzaldehyde (194) (33.3 mg, 0.22 mmol) and the resulting solution was 
added to the catalyst solution in acetone. The resulting reaction mixture was quickly 
transferred into a NMR tube by mean of a glass pipette and a scan at t = 0min was 
taken. The reaction was monitored by doing 1H-NMR scans after 15min, 165min, 
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1260min, 1515min, 1685min, 2730min, 2940min, 3190min and 4475min corresponding 
to 74h 35min (3d 2h 35min) when the reaction was virtually complete. 
 
3.6.1 RP-HPLC METHOD 
The UV-Vis detectors were set up at 283nm, according to the maximum of 
absorbance of the β-hydroxy-ketone (195) in ACN/water and at 254nm, wavelength of 
absorbance of aromatic rings. Standard elutions were performed with a binary gradient 
(water with 0.1% TFA/ACN) and a total flow rate of 1ml/min over 26min, starting with 
isocratic 30% ACN for the first 5 min, then gradient from 5 to 10 min increasing ACN 
up to 85%, followed by isocratic from 10 to 14 min and reverse gradient decreasing 
ACN back to 30% within 18 min. Isocratic was kept at 30% from 18 to 26 min to 
equilibrate the column for the next injection. The methyl 4-nitrobenzoate (207) was 
used as internal standard. 
The choice of the internal standard was made according to a retention time suitable 
to the time-frame of the kinetic study. After evaluating different chemicals, inter alia, 
benzoic acid, benzylic alcohol, 4-nitrophenol, 4-methoxy-benzylic alcohol. 
 
3.6.2 GENERAL PROCEDURE FOR THE HPLC STUDIES 
Prior to perform any kinetic experiments, the reversed phase column was 
conditioned with the mobile phase ratio used to start the analysis (ACN/water with 
0.1% TFA : 30/70), until the overall exercise pressure was stable around 130bar. At the 
end of each experimental session, the column was washed and stored in 100% ACN. 
Solvent injections have been run until the profile of the chromatogram showed a flat 
baseline even after zooming. All the syringes used for the kinetic analysis were 
carefully washed after each measure with ACN and DMSO or DMF. The HPLC 
solvents were sonicated for 10 minutes prior to use. Reactions were initiated by addition 
of aldehyde to the catalyst solution containing already the ketone and the stopwatch was 
simultaneously started (t = 0min). 100 µl of reaction mixture were sampled and added 
to a vial containing 5µl of ISTD (207) (7 mM in DMSO). 25µl of the resulting mixture 
were injected in the HPLC using a 20µl loop. Samples of the reaction mixture were 
taken at regular intervals dictated by the length of the single HPLC run.  
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For the purposes of the kinetic evaluation, the concentration of product, measured from 
the chromatogram, was related to the exact time at which the injection was started, on 
the assumption that the reaction was quenched by the large excess of acidic water (0.1% 
TFA) as soon as the mixture was streamed by the mobile phase into the column. 
Initial velocities (vi) were determined by following the formation of the product within 
<5% reaction completion. The experimental values of the concentrations (molar, M) 
were plotted against time (min) to obtain the initial velocities vi (M min-1). The best fit 
value of Vmax and Km were obtained by fitting the vi versus [S]0 data to hyperbolic 
saturation curves by weighted non-linear regression using Sigmaplot 8.0 (from SPSS 
Inc.). 
 
3.6.3 RETENTION TIMES OF PRODUCTS PRESENT IN THE ALDOL 
REACTION MIXTURES 
The retention times of the chemical species present in the reaction mixtures of 4-
nitrobenzaldehyde (194) with acetone to give β-hydroxy-ketone (195) were 
determined by HPLC using the binary gradient method reported in section 3.6.1: 
tR (DMSO) = 3.9 min, tR (acetone) = 4.0 min, tR (β-hydroxy-ketone)* = 9.5 min, tR (4-
nitro-benzaldehyde) = 12.6 min, tR (condensation product) = 13.6 min, tR (ISTD) = 
14.0 min. 
*tR (β-hydroxy-ketone) variable between 8.2min and 9.5min depending on the 
temperature in the room. 
 
3.6.4 DETERMINATION OF CONCENTRATIONS: CALIBRATION CURVES 
Concentrations of the chemicals, analysed by HPLC, were evaluated by mean of 
calibration curves made using an internal standard (ISTD, methyl 4-nitrobenzoate)        
7 mM in DMSO. Samples of different concentrations were prepared diluting 3 stock 
solutions of the analyte, made up independently, with DMSO, in concentrations from    
1 µM to 2 mM (depending on the substance). 3 samples of each concentration were 
prepared, by adding 400 µl of each concentration to vials containing 20 µl of ISTD       
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7 mM. 25 µl were sampled and injected in the HPLC a standard injection loop of 20 µl. 
The areas were evaluated by manual valley-to-valley integration. The ratios between the 
areas (APRODUCT/AISTD) were plotted using Sigmaplot 8.0 against the concentrations of 
product (recalculated taking into account the dilution due to the addition of 20 µl of 
ISTD) to obtain a linear curve, whose slope was used to evaluate the product 
concentrations (195) in the reactions mixtures. The calibration curves for the products 
were made using a Shimadzu HPLC. 
PRODUCT CONVERSION SLOPE m (M-1) STD. ERROR λ R2 
β-hydroxy-ketone (195) 
(Shimadzu HPLC) 
4399 ± 12.49 283 0.99 
β-hydroxy-ketone (195) 
(Agilent HPLC) 
4548 ± 26.15 283 0.99 
Condensation (196) 6731 ± 49.35 283 0.99 
1,3-diketone (197) 3035 ± 24.03 283 0.99 
4-nitrophenol (2) 20890 ± 527.7 319 0.99 
Table 15: Conversion slopes for the calibration curves of the products 
The concentrations of the products in the reaction mixtures were evaluated by using the 
following equations: 
PRODUCT
ISTD
PRODUCT mc
A
A
= ⇒
mA
A
c
1
ISTD
PRODUCT
PRODUCT = . 
 
3.6.5 DETERMINATION OF THE CONDITIONS FOR THE PSEUDO-FIRST 
ORDER KINETIC 
 The pseudo-first order conditions were determined carrying out two saturation 
experiments with two different concentrations of catalyst (10 and 20%) keeping 
constant the concentration of aldehyde at 2mM and increasing the concentrations of 
ketone from 1% vol/vol up to 40% vol/vol, depending on the experiments. The volumes 
of the other solvents in the mixture varied in order to keep 20% DMSO and variable 
acetone. The experimental procedure for 20% catalyst and 10% ketone is reported as 
example. 
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Proline (175 µl, 11.64mM in DMSO) was added to anhydrous DMSO (825 µl) and 
anhydrous DMF (3500 µl). The reaction started (t = 0 min) by adding a solution of 4-
nitro-benzaldehyde (500 µl, 20.20mM in acetone) to the mixture. Samples of the 
reaction mixture were taken at regular intervals (t=3min, 30min, 57min, 1h 24min, 5h) 
and the product concentration determined as above reported (see 3.5.4). The initial 
velocity of each reaction was calculated considering only the first three points in order 
to evaluate only the linear portion. For the experiments involving bigger volumes of 
acetone, the volume of DMF was diminished to complement the volume of acetone. 
 
3.6.6 BACKGROUND REACTIONS 
 The background reactions between 4-nitrobenzaldehyde (194) and acetone were 
evaluated in different solvents using 2mM aldehyde and variable volumes of acetone. 
The experimental procedure for a mixture containing 60% DMF, 20% DMSO and 20% 
acetone is reported as example. 
Acetone (200 µl) was added to anhydrous DMSO (175µl) and anhydrous DMF (600 
µl). The reaction started (t = 0 min) by adding 4-nitrobenzaldehyde (25 µl, 80.00 mM in 
DMSO) to the mixture. Samples of the reaction mixture were taken at regular intervals 
(t=3min, 30min, 120min, 180min, 240min and 300min) and the product concentration 
determined as above reported (see 3.6). 
 
3.6.7 PREPARATION OF POLYMERS STOCK SOLUTIONS  
 A typical 1mg/ml stock solution was made weighing out polymer (6 mg) in a 7 ml 
glass vial with an accurate balance (4 or 5 decimal points) and dissolving it in 
anhydrous DMSO (1.2 ml) and anhydrous DMF (3.8 ml). The vial was sealed with a 
fitted subaseal 25 wrapped with parafilm and flushed with nitrogen. The needed 
volumes of stock solution were always taken under inert conditions flushing the 
solution with nitrogen while sampling the aliquot with a gas-tight glass micro-syringe. 
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3.6.8 REBINDING OF THE PRODUCT 
 β-hydroxy-ketone (195) (25µl of 80.11mM in DMSO, 2.00µmol) was added to 
each of 5 vials containing a solution of 20% DMSO in DMF (975 µl) and, respectively, 
ProBS (11% mol), MIP-AS147 (0.75 mg), NIP-AS133 (0.75 mg), CP-AS134 (0.75 
mg), and only solvent. The reaction mixtures were stirred at RT for 3days, after which 
100 µl of each reaction were sampled and added to 5µl of ISTD and 25µl of the 
resulting solutions were injected in the HPLC. The formation of the aldol was 
monitored by RP-HPLC using the same condition reported for the kinetic of the aldol 
reactions (see 3.6).  
 
3.6.9 GENERAL PROCEDURE FOR CATALYSED ALDOL REACTIONS 
BETWEEN 4-NITROBENZALDEHYDE AND ACETONE AT RT 
The reaction mixtures were prepared with 60% volume of DMF, 20% DMSO and 20% 
acetone. The concentration of the catalyst in the reaction mixtures varied and that of the 
donor ketone was kept constant at 20% vol/vol. The final concentration of the acceptor 
aldehyde in the reaction mixture varied from 0.25 to 10mM, depending on the 
experiment. Reactions were initiated by addition of a solution of p-nitrobenzaldehyde 
(194) to the catalyst solution containing already the acetone. 
In particular a set of reactions catalysed by ProBS (182) was carried out. The 
experimental procedure performed with an aldehyde concentration equal to 0.5mM is 
reported as an example of the set performed with 10µM catalyst and 4-
nitrobenzaldehyde variable from 0.38mM to 2mM. 
ProBS (5 µl, 2 mM in DMSO) was added to anhydrous DMF (600 µl) and anhydrous 
DMSO (133 µl). Acetone (200 µl) was added to the catalyst solution and the reaction 
was initiated by adding 4-nitrobenzaldehyde (62 µl, 80 mM in DMSO). The 
concentrations of products were determined as reported in section 3.6. 
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3.6.10 GENERAL PROCEDURE FOR THE NANOGELS-CATALYSED ALDOL 
REACTIONS BETWEEN 4-NITROBENZALDEHYDE AND ACETONE 
AT RT 
The reactions were started by adding a solution of 4-nitrobenzaldehyde to the 
reaction mixtures containing the nanogels, dissolved in a ternary mixture of 
DMF/DMSO/acetone = 60/20/20. The concentration of the nanogel in the reaction 
mixtures was kept constant at 0.25 mg/ml and that of the donor ketone at 20% vol/vol. 
The final concentration of the acceptor aldehyde in the reaction mixture varied from 0.5 
to 10mM. Samples of the reaction mixture were taken at regular intervals dictated by 
the length of the single HPLC run (usually t=3min, 30min, 57min, 1h 24min, 1h 52min 
and 2h 20min). 
 
3.6.11 LINEAR DEPENDENCE OF RATE OF THE REACTION FROM 
CATALYST LOADING 
 A variable amount of polymer (from 0.125 to 1mg/ml) was dissolved in 20% 
DMSO in DMF; the acetone was kept constant at 20% vol/vol and the 4-
nitrobenzaldehyde at 2 mM. Reactions were initiated by addition of 4-
nitrobenzaldehyde to the nanogel solution containing already the acetone. The 
experimental procedure for a reaction carried out with 0.25 mg/ml of polymer is 
reported as example. 
Imprinted polymer (125 µl, 2mg/ml stock in 20% DMSO in DMF) was added to 
anhydrous DMSO (175 µl) and anhydrous DMF (450 µl). Acetone (200 µl) was then 
added to the polymer solution and the reaction was initiated by adding 4-
nitrobenzaldehyde (50 µl, 40.07 mM in DMF). The reaction mixtures were stirred at RT 
and 100µl of each reaction were sampled at regular intervals, added to 5µl of ISTD and 
25µl of the resulting solutions injected in the HPLC. The formation of the aldol was 
monitored by RP-HPLC using the same condition reported for the kinetic of the aldol 
reactions (see 3.6).  
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3.6.12 TURNOVER OF THE IMPRINTED POLYMERS, PROBS AND 
PROLINE 
 A set of experiments of long term kinetic was carried out to verify the catalytic 
turnover of the polymers. The reactions were set up in the same way as the short term 
kinetic (see 3.6.10) but they were monitored for several days (7, 15 and 30 days) in 
order to ensure that the concentration of aldol produced from the polymer was higher 
than the concentration of the polymers active sites. The same experiment was performed 
monitoring an organocatalysed aldol reaction using ProBS and proline, in concentration 
comparable with the one used for the imprinted polymers. 
 
3.6.13 INHIBITION OF THE POLYMER BY TEMPLATE REBINDING 
 The inhibition kinetic was performed on the imprinted and non imprinted 
polymers exploiting the ability of the catalytic sites in rebinding the template. The 
polymers were incubated with the diketone (197) following the procedure described in 
section 3.4.1 in order to have a total volume of 775 µl. After 48h at 40°C (oil bath) the 
solutions were allowed to cool down to room temperature and transferred into a clean 
vial avoiding taking the molecular sieves particles. Acetone (200 µl) was added to the 
solution and the reaction was initiated by adding 4-nitrobenzaldehyde (194) (25 µl, 
80mM in DMSO). The kinetic was followed as described in section 3.6. 
 
3.6.14 ENANTIOSELECTIVITY EXPERIMENTS 
4-nitrobenzaldehyde (2 µmol) was added to a polymer solution containing acetone 
(200 µl) and 0.75 mg of polymer dissolved in 600µl of anhydrous DMF and 200µl of 
anhydrous DMSO. The mixture was stirred for 24h, after which 250µl were sampled 
and transferred into a clean 2ml vial which was placed inside a 25ml round bottom flask 
in order to evaporate the solvent at reduced pressure with a high vacuum pump. The 
solid residue was dissolved in 250µl of IPA and analysed by chiral HPLC using 
Hex/IPA = 9/1. 
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3.6.14.1 DETERMINATION OF THE ENANTIOMERIC EXCESS 
(ee%) 
Standard analysis was performed in isocratic elution with a mixture of hexane/2-
propanol : 9/1 and a total flow rate of 1 ml/min. Each sample was dissolved in 2-
propanol. Detectors were set up to 270nm (λmax of β-OH-Ketone in Hex/IPA: 9/1) and 
254nm. 
tRmaj (β-OH-Ketone-195) = 32.6 min; tRmin (β-OH-Ketone-195) = 37.1 min; tR (α,β-
unsaturated ketone-196) = 39.2min. 
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3.7 GENERAL PROCEDURES FOR THE ORGANOCATALYSED ALDOL 
REACTIONS 
 The kinetic studies of organocatalysed aldol reactions were done using the HPLC 
methodology developed for the nanogels-catalysed aldol reactions. The concentration of 
4-nitrobenzaldehyde (194) was kept constant at 1.8 mM and the acetone at 20% vol/vol. 
A typical experiment involved analysis of 4 aldol reactions differing only for the 
catalyst loading (3%, 6%, 11% and 22%). The reactions were initiated by adding the 
aldehyde solution to the solution containing the catalyst and the acetone with 30minutes 
shift between the different reactions to allow HPLC analysis of the samples at the very 
same time, since each HPLC analysis lasted 27min.The reaction mixtures were stirred at 
RT and 100 µl of each reaction were sampled at regular intervals, added to 5µl of ISTD 
and 25 µl of the resulting solutions injected in the HPLC. The formation of the aldol 
was monitored by RP-HPLC using the same condition reported for the other aldol 
reactions (see 3.6.1).  
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